
AD 

Award Number: DAMD17-99-1-9571 

TITLE: Molecular Mechanisms of Soft Tissue Regeneration and Bone Formation in 
Mice: Implications in Fracture Repair and Wound Healing in Humans 

PRINCIPAL INVESTIGATOR: David J. Baylink, M.D. 

CONTRACTING ORGANIZATION: Loma Linda Veterans Association for 
Research and Education 
Loma Linda, California 92357 

REPORT DATE: October 2000 

TYPE OF REPORT: Annual 

PREPARED FOR: U.S. Army Medical Research and Materiel Command 
FortDetrick, Maryland 21702-5012 

DISTRIBUTION STATEMENT: Approved for public release; 
Distribution unlimited 

The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation. 

DTIC QUALITY niSSöiääD \ 

20010122 009 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 074-0188 
PuWic reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing ^^^■!^^^f^!^J^^-^^J^^^ 
£e data needed, and completing and reviewing this collection of information. Send comments regarding th,s burden estimate «^.^."^^^^«^^^^^^S^i 
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-1302, and to the Office of 
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503   

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 
October  2000 

3. REPORT TYPE AND DATES COVERED 
Annual (1 Oct 99 - 30 Sep 00) 

4. TITLE AND SUBTITLE 
Molecular Mechanisms of Soft Tissue Regeneration and Bone 
Formation in Mice:  Implications in Fracture Repair and 
Wound Healing in Humans 

6. AUTHOR(S) 
David J. Baylink, M.D. 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Loma Linda Veterans Association for Research and Education 

Loma Linda, California 92357 

E-MAIL: baylid@lom.med.va.gov 
9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

U.S. Army Medical Research and Materiel Command 
Fort Derrick, Maryland 21702-5012 

5.  FUNDING NUMBERS 
DAMD17-99-1-9571 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for public release; Distribution unlimited 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 Words) 

The primary goal of the proposed work is to identify genes which play an anabolic role in bone and soft tissue 
function and to clarify the function of these genes. Three hypotheses have been proposed: 1) The high bone 
density gene in chromosome 1 in our CAST/B6 congenic mice can be cloned; 2) Genes that regulate soft- and 
hard-tissue regeneration can be identified by using appropriate mouse strains that exhibit differences in 
regeneration; and 3) ENU mutagenesis, applied to our mouse model, will lead to the identity of genes that 
regulate soft and hard tissue function. During the first twelve months of the funding period, we have proposed 
several specific objectives for each of the above-mentioned hypotheses. As disclosed in the progress report, 
we have successfully accomplished all of the specific objectives. Our work during the first year of the funding 
period has resulted in four manuscripts in press, four submitted manuscripts, one manuscript in preparation, 
and four abstracts. We believe that the successful accomplishment of the proposed studies will provide a better 
understanding of the molecular mechanisms involved in hard- and soft-tissue regeneration and will provide a 
framework for future development of therapies for hard and soft tissue injuries. 

14. SUBJECT TERMS Soft- and hard-tissue regeneration; bone density; gene function; 
cDNA microarray analysis; congenic mice; QTL analysis; mouse genetics; 
musculoskeletal genes. 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15. NUMBER OF PAGES 
280 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

Unlimited 
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 

Prescribed by ANSI Std. Z39-18 
298-102 

Page 1 



Table of Contents 

Page 

SF298  1 
Table of Contents  2 
General Introduction  3 
Technical Objective 1 
Introduction  3 
Body  4 
Additional Progress  11 
Key Research Accomplishments  12 
Reportable Outcomes  12 
Conclusions  12 
References  13 
Appendices  13 
Technical Objective 2 
Introduction  14 
Body  15 
Additional Progress  16 
Key Research Accomplishments  18 
Reportable Outcomes  18 
Conclusions  19 
References  19 
Appendices  19 
Technical Objective 3 
Introduction  20 
Body  20 
Key Research Accomplishments  27 
Reportable Outcomes  27 
Conclusions  28 
References  28 
Appendices  28 
Appendices 
1-1  
1-2  
1-3  
1-4  
1-5  
2-1  
2-2  
2-3  
2-4  
2-5  
3-1  
3-2  
3-3  
3-4  

Page 2 



General Introduction 
The primary goal of the project funded by the U.S. Army is to identify genes which play 

an anabolic role in bone tissue and soft tissue function, particularly during regeneration, and to 
clarify the function of these genes. To accomplish this goal, we have proposed 3 technical 
objectives during the first funding period. These 3 technical objectives are as follows: 

1. Studies proposed in the first technical objective are designed to employ state-of-the-art 
molecular biotechniques to identify the gene located in mouse chromosome 1 that is 
involved in the regulation of peak bone density. 

2. Our second technical objective has been focused on identifying the key genes that are 
involved in soft tissue repair/regeneration using inbred strains of mice as model systems. 

3. The goal of our third technical objective is to identify and characterize novel genes, using 
ENU mutagenesis techniques and to elucidate the function of known genes that play a key 
role in the metabolism of bone and soft tissue. 

Our goals for the first 12-month funding period for each of the technical objectives, as 
well as our progress for each of the technical objectives, are described below. The progress 
report for each technical objective is organized according to the outline provided by the office of 
the U.S. Army Medical Research and Materiel Command. 

In addition to completing all of the technical objectives required for the grant period, we 
are reporting progress on additional objectives accomplished above and beyond those 
contracted for. These are identified as "Additional Progress" in the first two objectives. 

A.       TECHNICAL OBJECTIVE 1 - To clone the gene regulating peak bone density on 
chromosome 1 in the CAST/B6 congenic mice. 

1.        Introduction 
Our ultimate goal is to clone the gene regulating the peak bone density on chromosome 

1 in the CAST/B6 congenic mice by the application of cDNA microarray followed by positional 
candidate gene functional studies. In the first year, we proposed to identify differentially 
expressed genes by applying and analysis of commercial microarray in order to identify 
potential candidate gene involved in regulation of peak BMD between B6 and CAST mice. To 
accomplish technical objective 1, we have proposed the following specific objectives for the first 
12 months of this funding period. 

1) Prepare total bone RNA from congenic and B6 mice and perform microarray analysis 
through a commercial facility. 

2) Collect mouse cDNA/EST clones, which are differentially expressed in the commercial 
microarray assay and distinguish between those clones that are found inside and outside of the 
congenic region. 

3) Identify and collect the cDNA/EST clones from the human syntenic region, 1 q21 -1 q23. 

4) Perform PCR amplification and purification of the cDNA clones. 

5) Perform two-color simultaneous hybridization. 
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6) Perform temporal and spatial expression analysis to eliminate some of the differentially 
expressed genes. 

7) Further narrowing down the QTL region by backcrossing the congenic mouse line with the 
recurrent parent mice. 

We have now accomplished all of the above specific objectives. Our progress in each of 
the specific objectives is given below. In addition, we have performed additional studies on the 
development of BAC contig that covers the QTL region of chromosome 1 locus (page 9). 

2.        Body 
a.        Specific Objective 1: Prepare total bone RNA from congenic and B6 mice and perform 
microarray analysis through a commercial facility. 

Microarray is a recently developed technology with high sensitivity to detect the levels of 
gene expression. cDNA microarray uniguely allows us to simultaneously screen thousands of 
genes for their differential expression. We opted to use commercial microarray in our initial 
studies because it allows us to rapidly select candidate genes within our QTL region. If we were 
to prepare our own array chips, there would have been a substantial delay in our research on 
this project. In our study, we used Incyte Genomics (Fremont, CA) for several reasons, 
including the cost and turnaround time. To accomplish our specific objective, we have 
conducted several related studies in order to optimize the microarray experiment. These 
studies include the determination of optimal time at which the genes that control the bone 
density are expressed; preparation of sufficient high quality RNA from the bone of the mice; and 
analysis of the results of commercial microarray experiment from Incyte Genomics. Given 
below are our accomplishments in these studies. 

1) Evaluation of the Optimal Age of the Mice Used for Microarray Analysis. In 
order to identify the genes that control bone density by analysis of their expression with 
microarray technology, we need to take samples at the time when the genes that lead to the 
high bone density in the congenic mice are expressed. We had previously found that the bone 
density of congenic mice is significantly different from B6 mice at the age of 16 weeks. 
Accordingly, we expect differences in the expression of candidate gene(s) regulating bone 
density to occur either throughout the 16 week-period or a few weeks before the maximal 
difference in peak BMD is seen. In order to determine the optimal time for our gene expression 
study using microarray technology, we measured the bone density of 10- and 16-week old 
congenic mice and compared it to that of the B6 mice. Bone density of femurs was measured 
by peripheral quantitative computerized tomography (pQCT) with a Stratec XCT 960M (Norland 
Medical Systems, Ft. Atkinson, Wl). 

As shown in Table 1, neither the total bone density nor the total mineral content was 
significantly different between congenic and B6 mice at the age of 10 weeks. However, at 16 
weeks, both the total bone density and total mineral content of congenic mice were significantly 
higher than that of B6 mice. This result indicated that the high bone density of the congenic 
mice was mainly achieved a few weeks before the age of 16 weeks. We, therefore, speculate 
that the genes that control the bone density differences between congenic and B6 mice are 
expressed during the time between 10 and 16 weeks. Therefore, we used the mice at 14 weeks 
of age for our microarray experiment. 

2) Isolation of High Quality RNA from the Femurs of Mice for Microarray 
Experiment. The preparation of high-quality RNA (total RNA and messenger RNA) is the key 
to conduct microarray analysis. In order to correctly compare the expression of genes in 
congenic mice with that of the B6 mice, RNA at the same concentration and the same quality 
are needed from both the congenic and the B6. However, the extraction of high-quality RNA 
from bone has proven to be extremely difficult in the past.   There is no published protocol 
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available for the extraction of RNA from the mouse femur. We, therefore, first developed an 
RNA extraction procedure for mouse femur using the Trizol reagent, which is a modification of 
the protocol from Life Technologies (Grand Island, NY). In our procedure, femurs were 
dissected from each mouse on ice within two minutes and immediately put in liquid nitrogen. 
Subsequently, femurs and Trizol reagent were ground together in a 6750 Freezer Mill machine 
from SPEX Centiprep, Inc. (Metuchen, NJ) and the RNA was purified twice with chloroform. 

Table 1. Comparison of Bone Parameters Between B6 and the Congenic Strain 
Parameter 1T Congenic   B6 Age (weeks) 
Total content (mg/slice) 27.1±1.1 27.9+3.7 10 

29.0+1.1 23.6±3.7 16 
Total density (mg/cm3) .617±.04 .588+.08 10 

.661 ±.04 .615+.08 16 
Total volume (mm3) 44.0±1.1 47.6+1.8 10 

43.9+1.1 38.3±1.8 16 
Length (mm) 14.96+0.02 14.99+0.04 10 

15.17±0.17 14.85+0.42 16 

The concentration and purity of the total RNA were checked by measuring 260/280 
absorption ratio using a Spectronic Genesys spectrophotometer from Spectronic Instruments 
(Rochester, NY). Our measurement showed that the 260/280 absorption ratio of the total RNA 
was between 1.8 and 2, which indicates the high purity of the RNA. The quality of the total RNA 
was checked by electrophoresis on 1% agarose gel. As shown in Figure 1, the 28s and 18s 
ribosomal RNA are well preserved among the total RNA. We, therefore, conclude that our RNA 
was not degraded. mRNA was purified from the total RNA and was quantified on the Spectronic 
Genesys spectrophotometer. The 260/280 ratio of the mRNA is 1.8, which is exceeds the 
quality needed for microarray analysis. 

Figure 1: Quality of the RNA checked on 
1% agarose gel. Total RNA extracted from 
bone with Trizol reagent. Agarose gel was 
prepared with MOP buffer. Five p.\ of each 
RNA (about 1-5 jig) sample in formaldehyde 
loading buffer was loaded on each lane. RNA 
were separated by running at 100 voltage for 
1.5 hours. The gel then was stained with 
Ethedium bromide and photographed under 
UV light. Arrows on the left point to the 28s 
and 18s ribosomal RNAs, indicating the intact 
of the RNA. The arrow on the right points to 
the band of 1353 bp of the standard marker. 

3) Microarray Hybridization. We used the Incyte Genomics commercial service 
for our probe labeling and microarray hybridization. We used the mRNA at the concentration of 
50ng/uJ for microarray hybridization. Samples from the congenic and B6 mice were sent to 
Incyte Genomics for microarray hybridization, where mRNA from congenic and B6 mice were 
labeled with Cy5 and Cy3, respectively, and hybridized onto the same microarray set, the 
Mouse GEM1 microarray. Detailed information of these clones and the hybridization procedure 
can be obtained from www.genomesystems.com. 
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4) Analysis of Gene Expression Data. The Mouse GEM1 microarray chip from 
Incyte Genomics contains 8,739 genes and ESTs selected from the NCBI's UniGene database. 
Incyte Genomics uses various measures to ensure that the total variability in measurement is 
limited to less than 15%. The major components of variability in differential expression results 
are from microarray scan setup and GEM microarray lot; each accounted for less than 5% of the 
total variance in differential expression data. As shown in Table 2, the relative signal intensity of 
empty wells can reach up to 200, while the spots containing 0.2X SSC (a mixture of NaCI, 
sodium citrate, and NaOH) buffer have a level between 28-48. In our study, we consider the 
samples that have a signal level higher than 800 as the valuable expression data for analysis. It 
is four times higher than that of the maximum value of the empty wells and ten times higher than 
that of the SSC buffer controls. Therefore, we feel confident that the result represents the real 
difference of gene expression between congenic and B6 mice. 

able 2. Variation of Expression Levels of Genes and ESTs in the B6 
Full Name / No. of Genes 

Positive control #1, 4 replicates 

Positive control #2, 4 replicates 
Positive control #3, 4 replicates 
Negative control #1, 8 replicates, 0.2X SSC 
Empty controls, 15 replicates 
Positive control #4, 24 replicates 
Mouse genes and ESTs 
Mouse genes and ESTs 
Mouse genes and ESTs 
Mouse genes and ESTs 

2,736 
5998 
407 
93 

Expression Signal Level* 

1488-2041 

5555-8306 
39465-48791 
28-48 
55-205 
13631-29590 
<800 
>800 
>5000 
>10,000 

The level of expression of a gene is measured by the relative intensity units of the signal level 
read by the scanner for the Cy3 channel. 

We have found that 5,998 out of all 8,724 genes and ESTs have the expression levels 
that are higher than 800. By this criterion, about 75% of total genes are expressed in the 
femurs. Among these 5,998 genes and ESTs, most of them (5,633) have signal levels between 
800 and 5000. Only a few of them (93) reached very high levels. 

Among the 93 highly-expressed genes and ESTs, 27 are ESTs with neither known 
function nor similarity to known genes. The remaining 66 are genes or ESTs with similarity to 
known genes (see Appendix 1-1). As of July 25, 2000, literature searches from PubMed have 
produced a list of 30 genes with known functions related to bone or skeletal development. 
Thus, our microarray analysis data revealed that two-thirds of genes that are highly expressed 
in bone are either not being studied for their expression in the bone or have not been treated as 
the important genes in skeletal development. 

Among the highly expressed genes, we found that most of them are structural (e.g., 
procollagen, type I, oc1; hemoglobin-a, adult chain 1; and H3 histone, family 3A) and 
housekeeping genes (e.g., replication protein A2 eukaryotic translation elongation factor 1 a1; 
nuclear receptor binding factor 1). However, major growth factors are not among these highly 
expressed genes. Some of the important genes in bone, such as the bone morphogenetic 
protein (BMP), calcium binding protein, and insulin-like growth factor 1, have moderate 
expression levels. Their fluorescence absorption levels are around 1000 (see Appendix 1-1). It 
is quite common that some regulatory genes do not necessarily have a very high level of 
expression. Nevertheless, the genes that produce the most products during bone development 
are the important ones. 
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b. Specific Objective 2: Collect mouse cDNA/EST clones, which are differentially 
expressed in the commercial microarray assay, and distinguish between those clones that are 
found inside and outside of the congenic region. 

To accomplish this specific objective, we need not only identify the cDNA/ESTs that are 
differentially expressed between congenic and B6 mice but, also, compare the genes with the 
current genetic map to locate the genes that are within the QTL region. 

1) Comparison of Gene Expression Between Femurs of Congenic and B6 
Mice. The expression patterns of most of the genes between congenic and B6 mice are similar. 
The difference in expression of the majority of genes (8,007) between these two strains is within 
the +1.5 to -1.5 folds. Among them, 254 genes and ESTs showed no detectable level of 
difference between these two strains. The expression levels of a total of 104 genes and ESTs 
have two-fold or higher difference between B6 and congenic mice. Two genes that exhibit the 
largest difference between B6 and congenic strains are the procollagen, type I, a1 (B6 vs 
Congenic: +3-fold) and an EST (B6 vs Congenic: -4.4-fold). Among these 104 genes and 
ESTs, most of them are expressed at moderate levels, with light intensity around 1,000, while 
twelve have an expression level higher than 5,000. Seventy-five of these differently expressed 
genes are ESTs that do not have a known function. Only 40 are known genes or ESTs with 
similar gene sequences (see Appendix 1-1). 

There is no significant difference in expression levels of major growth factors that 
regulate bone formation between the two strains. Among them, transforming growth factor 
(TGF)-ß is known as an important growth regulator and modulator in bone. BMPs, members of 
the TGF-ß superfamily, are known to regulate proliferation, differentiation, and apoptosis of 
osteoblasts during bone development. Insulin-like growth factor-1 (IGF-1) and parathyroid 
hormone (PTH) receptor also play an important role in the regulation of bone formation. 

2) Expression Levels of cDNA and ESTs Within the QTL Region. From the list 
of genes in the mouse genome database (www.rodentia.com/wmc/index.html), publications 
(1,2), and current available mouse genome sequences 
(www.ncbi.nlm.nih.gov/genome/seq/MmHome.html), we identified 18 genes and ESTs in the 
QTL region (Table 3). Among them, four candidates that are expressed differently between 
congenic and B6 are the CRP gene and three ESTs (AA184040, AA209869, AA437635). 

CRP, the pretaxin related C-reactive protein, is located on chromosome 1, at the position 
of 94.2 cM.' CRP has been reported as the protein produced by inflammatory response. We 
found that the RNA expression level in the congenic is two-fold higher than that of the B6. The 
other three ESTs have no reported function. They were matched to the genomic sequences in 
the QTL region. These candidates were further analyzed as described in Specific Objectives 5 
and 6. 

c. Specific Objective 3:    Identify and collect the cDNA/EST clones from the human 
syntenic region, 1q21-1q23. 

The QTL region of the mouse is homologous to the region of human 1q21-1q23, to 
which several homologous genes and loci have been mapped 
(www.ncbi.nlm.nih.gov/Homology). Incidentally, a QTL locus for bone density has also been 
located on the human 1q21-23 region (3), suggesting the possibility of homologous genes 
between humans and mice. We, therefore, examined the human 1q21-1q23 region to search 
for possible candidate genes. 

1) ESTs from Human 1q21-1q23 Region. Because of the known syntenic 
relationship between these two regions, we found that most of the genes in the human 1q21- 
1q23 region have been mapped to mouse chromosome 1. Table 4 lists several ESTs which 
have been reported on the human homologous region and have been localized on the BAC 
clones of the mouse genome (1,2). 
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Table 3. Expression Levels of Genes Within the QTL Region 
Gene Symbol Full Name Ratio 

B6/Congenic 
B6 Expression Signal 

Fcerg Fc receptor IgE gamma 1.1 1592 

Nhlhl Nescient helix loop helix 1 1? 266 
Atpla2 ATPase Na+/K+ transporting alpha-1 1.2 5057 

Crp C-reactive protein pretaxin related -2.3 1341 

ifi203 interferon activated gene 203 
(IMAGE:620541) 

1.1 862 

ifi203 interferon activated gene 203 
{IMAGE:618572} 

1.4 2322 

Olfr16 Olfactory receptor 16 0 145 
Sap Serum Amuloid P-component -1.2 657 
Pxf Peroxisomal famesylated protein -1.2 2700 
PLKr Pyruvate kinase liver 1.2 2040 
Tyrol 0 (Ntrkr3) neurotrophic tyrosine kinase 1.3 806 
Dty Duffy (promiscuous chemokine 1.1 667 
Care2 nuclear receptor subfamily 1, group I, 

member 3 
1 1342 

MPZ peripheral myelin protein 1.3 5417 
Rxrg retinoid X receptor gamma 1.2 1772 
AA184040 EST -2.9 1059 
AA209869 EST -3.3 2119 
AA437635 EST -3.9 1688 

Table 4. Probes from Human Syntenic Region 
Human 
ESTs 
ESTM33 
ESTM32 
ESTM28 
ESTM35 
ESTM38 
ESTM36 
ESTM47 

Mouse BAG clones containing the 
ESTs 
m12-116* 
p22-9, g15-16 
h7-106 
e5-132 
J18-172 
h7-106, C12-126 
a19-191 

*AII BAC clones are from the RPCI-23 mouse BAC library from Roswel Park Cancer Institute. 
Labeling for the clones is in the order of column-row-plate #. Accordingly, a clone of m13-101 is from 
column M, row 13, on plate 101. 

2) BAC Clones that Contain the Human Homologous ESTs. We took advantage 
of the availability of the mouse BAC clones library and screened the library for the human ESTs 
located in the QTL region. We designed a pair of primers for each of these ESTs. Then we 
hybridized the membranes that contain the BAC clones of the mouse library. Positive clones 
then were picked up and grown on LB culture over night. PCR was conducted using BAC DNA 
as a template with primers from each of the ESTs. Finally, we located these ESTs on the 
mouse BAC clones, as shown in Table 4. The localization of these ESTs in the BAC clones 
allows us to obtain the full-length gene, including intron, exon, and 5' and 3' un-translation 
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regions from the mouse genome.   The availability of BAC clones containing the entire gene 
would allows us to search for polymorphisms in future studies. 

d.        Specific Objective 4: Perform PCR amplification and purification of the cDNA clones. 
As we mentioned above, we successfully identified candidate genes from our initial 

study with commercial microarray and from human syntenic region. In order to confirm our 
findings, we need to study the expression of these genes at different time points and tissues 
using an in-house microarray system. In order to prepare the in-house microarray, we amplified 
and purified PCR products of these candidates. 

We have amplified and purified PCR products of genes and ESTs: 
a) We selected and purchased gene and EST clones from Incyte Genomics. 
b) We grew these clones on LB medium overnight at 37°C. 
c) We then used cells from each colony in our PCR amplification. Primers for all the clones 

are universal primers. 
d) As shown in Figure 2, pure PCR products are run on 2% agarose gel electrophoresis and 

visualized under UV light after staining with ethidium bromide. 
e) We purified the PCR products with the PCR purification kit from Qiagen (Valencia, CA). We 

successfully amplified and purified a total of 103 probes of genes and ESTs This list 
includes the ones that are differentially expressed in our microarray analysis, human 
syntenic region, ESTs with unknown chromosomal locations, and controls that are highly 
expressed in the mouse femurs. 

Figure 2. PCR Products of Clones Running on the Agarose Gel. *Each number represents one 
clone. M = molecular standard marker. 

e.        Specific Objectives 5 & 6:  Perform two-color simultaneous hybridization and temporal 
and spatial expression analysis to eliminate some of the differentially expressed genes. 

Specific objectives 5 and 6 were originally designed to eliminate some of the 
differentially expressed genes within the QTL region as candidate genes. Because we found 
that three ESTs and one gene within the QTL region were differentially expressed between 
congenic and B6 mice, we focused on their expression patterns during the follow-up microarray 
experiments. 

To perform two-color simultaneous hybridization, we labeled the mRNA from congenic 
and B6 with different dyes, Cyanine 3 and Cyanine 5, and hybridized to probes on microarray 
chips simultaneously. To perform temporal expression analysis, we compared the difference of 
gene expression between congenic and B6 mice at 6 weeks and 14 weeks of age. To perform 
spatial expression analysis, we analyzed the gene expression of livers to evaluate if expression 
changes between congenic and B6 are unique to bone. 

Page 9 



Our results indicated that the three ESTs and one gene, indeed, express differently in 
the femurs between the congenic and B6 strains at both 6 and 14 weeks of age (Table 5). We 
have not yet detected difference of expression of these candidates in the lever between 
congenic and B6. As indicated in our original proposal, our specific objectives in the next six 
months are to conduct in house microarray to further confirm these genes and to identify 
additional candidate genes. 

Table 5. Candidate Genes Differentially Expressed Within the QTL Region 

Gene 
symbol 

Full Name Ratio 
B6/congenic 

(14 wk/Femur) 

Ratio 
B6/congenic 
(6 wk/Femur) 

Crp C-reactive protein pretaxin related -2.3* -2.7 

AA184040 
AA209869 
AA437635 

EST 
EST 
EST 

-2.9 
-3.3 
-3.9 

-2.8 
-2.6 
-2.9 

-2.3 means the expression level of this gene in congenic mice is 2.3 folds higher than that in B6 
mice 

f. Specific Objective 7:  Further narrowing down of the QTL region by backcrossing the 
congenic mouse line with the recurrent parent mice. 

In spite of the progress on the human and mouse genome projects, positional cloning of 
a QTL gene is still a challenge to molecular geneticists. This is partially because a QTL locus is 
located on a large region rather than a point on the chromosome. In an attempt to narrow down 
the QTL region of bone density on chromosome 1, we continued our effort in the subcongenic 
breeding. 

Subcongenic breeding is the procedure to further break down the QTL region in 
congenic mice. Since a QTL locus is characterized as a region rather than a point on the 
chromosome, after the congenic strain is created and the QTL is confirmed, the QTL fragment 
of the chromosome in the congenic strain may still be too large to practically conduct positional 
cloning. However, if the 10 cM region is broken down into several different smaller fragments, 
such as 1-2 cM and, if one of these smaller fragments is confirmed to contain the QTL gene, 
then the positional cloning of the QTL gene becomes feasible. 

To create subcongenic lines, the congenic mice are crossed with the recurrent parent, 
B6 mice. Recombinant individuals were selected based on molecular markers. Then the 
recombinants were further crossed to produce homozygous recombinants to serve as the 
subcongenic lines. The phenotype of each subcongenic line can then be measured to identify 
which one actually contains the QTL gene. 

As shown in Figure 3, we have already obtained four subcongenic lines that contain 
smaller pieces of the chromosome within the QTL region. Of these four subcongenic lines, we 
have completed the phenotypic measurements in homozygous subcongenic line 3 mice and B6 
control mice. 

We have found that there is no significant difference between the bone density of 
subcongenic line 3 and B6 mice. We concluded that the QTL gene is not within the 
chromosomal region within this subline. Accordingly, the chromosomal region within this 
subline is excluded as part of our QTL region. Other subcongenic lines will be characterized 
during the next funding period. 
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3. Additional Progress - Construction of BAC Contig: In addition to accomplishing all 
of the specific objectives in our original proposal, we have initially constructed a contig that 
covers the peak region of the QTL locus. 

In order to positional clone candidate gene(s) responsible for peak bone density on 
chromosome 1, it would be essential to have a physical map of this QTL. In this regard, a 
contig, which is a physical map that displays a set ofcontiguous overlapping and ordered clones 
along a specific region of a chromosome, would provide overlapping clones for a systematic 
searching of genomic sequences, which is essential for positional cloning of candidate genes. 
As an initial step, we have constructed a BAC contig that covers the peak region of the QTL 
locus. 

The contig provides a template for mouse genome sequencing. As indicated in our 
attached manuscript (Appendix 1-2), this contig covers a 3 cM genome distance with 33 
overlapping BAC clones. It is constructed with RPCI-23 mouse BAC library with detailed 
information of markers along the chromosome. Because of the high quality of the BAC clones 
in terms of coverage, size, and accuracy, BAC clones have been mainly used in the genome 
sequencing project. In addition, RPCI-23 mouse BAC library has been chosen as the template 
for the NIH mouse genome project. Therefore, the future availability of genome sequence 
information of this contig will facilitate the work in candidate gene searches of genetic loci within 
this region. 

Subcongenic line 1: 

Subcongenic line 2: 

Subcongenic line 3: 

Subcongenic line 4: 

14       15 
i l  

406 
111 37 360 

540 403 221 17 

82.0 86.3       91.8 94.0 99.5    101.6102.7        104.9 110.4 

Figure 3. Subcongenic Lines of QTL Region. The double line represent the region covered by each of 
the subcongenic lines. The solid bar at the bottom represents the original region of the chromosome of 
CAST within the congenic strain. Numbers above the bar represent the position and names of D1mit 
microsatellite markers while the number under the bar represent the cM distance on the mouse 
chromosome 1. 
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4. Key Research Accomplishments 

■ Highly expressed genes in the femur of the mouse have been identified by commercial 
microarray. 

- One candidate gene and three ESTs that are differentially expressed between the congenic 
and the control mice have been identified. 

■ Bone density measurement confirmed that the bone density in the congenic strain is higher 
than that of the control, B6. 

■ Four subcongenic strains that contain smaller pieces of QTL chromosomal regions have 
been bred. One of them has been excluded as the strain that contains the QTL gene. 

■ A BAC contig that covers a portion of the QTL locus has been constructed. 

5. Reportable Outcomes 

A bstrscts! 
1. WKGu, XM Li, S Mohan, K-HW Lau, B Edderkaoui, LR Donahue, C Rosen, WG Beamer, 

DJ Baylink (2000) Identification of candidate genes that control peak bone density by 
combination of cDNA microarray analysis and physical mapping. Amer J of Human Gen, 
67(4): #1409. ,_    .    , 

2. B Edderkaoui, S Mohan, K-HW Lau, XM Li, DD Strong, WK Gu and DJ Baylink. Physical 
mapping of a QTL locus that controls bone density on mouse chromosome 1. Presented at 
the First North American Scientific Meeting of Moroccan Association of Researchers and 
Scholars, June 23, 2000. 

3. WK Gu, M Hellan, XM Li, H-CM Sheng, WG Beamer, JE Wergedal, KHW Lau, S Mohan 
and DJ Baylink.     Evaluation of the effect of a quantitative trait locus (QTL) on peak bone 
mineral density (BMD) using congenic mice.  International Conference on Progress in Bone 
and Mineral Research, Vienna, Austria, November 30 - December 2, 2000. 

Manuscripts: 
1. WK Gu, XM Li, K-HW Lau, B Edderkaoui, LR Donahue, C Rosen, WG Beamer, S Mohan 

and DJ Baylink. Microarray analysis of gene expression of a congenic strain that contains a 
QTL locus of bone density in mice. In preparation, October 2000. 

2. WK Gu, XM Li, B Edderkaoui, DD Strong, K-HW Lau, WG Beamer, LR Donahue, S Mohan 
and Dj' Baylink. Physical mapping and genetic analysis of a 3 cM biologically significant 
region on mouse chromosome 1. Submitted to Mammalian Genome, October 2000. 

Others: 
1. Four mouse subcongenic strains have been developed. 
2. A BAC contig has been constructed. 
3. A functional molecular genetics laboratory with necessary equipment has been set up. 
4. Three new employees have been recruited and trained in molecular genetics technology. 

6. Conclusions 

Our microarray study provides fundamental information on gene expression of high bone 
density of the QTL locus on mouse chromosome 1. 

We have initially identified three candidate genes that are differentially expressed 
between the congenic and the control mice (C-reactive protein and 2 ESTs) by our combination 
approach of physical mapping and cDNA microarray analysis. 

We have bred four subcongenic strains, which are going to be used to narrow down the 
QTL region. 
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Our contia is useful for mouse genomic sequencing. The future availability of genome 
sequent Nation of tnis oontig will facilitate our work in candidate gene searches of genetic 

loci within this region. 
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B        TECHNICAL OBJECTIVE 2 - To identify the key genes that are involved in the soft- 
tissue repair/regeneration in MRL/MpJ and SJL/J mice. 
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■ Wound healing involves two major clinical issues: 1) the rate of healing; andI 2»the 
aualitv of healing The primary therapeutic goal of the treatment of a wound is to accelerate 
Tu d closure with minimal scar formation. However, the success of using therapeutic 
aooroaches to treat wounds depends heavily on understanding the molecular mechanisms 
underfving the wound baling process. The aim of this project is to identify the key genes and 
STelffiar Sn that regulate the soft- and hard-tissue repair and regeneration in a mouse 
model We have now achieved the two specific objectives we proposed during the first twelve 
months of this grant period: 1) To perform ear punch and vertebral fracture evaluations in 21 
afferent inbred strains of mice and 2) To determine the most appropriate mouse strain(s) for 
soft tfssue and hart-tissue regeneration studies. In addition to accomplishing the proposed 
specifiJJ objectives, we have also performed gene and protein expression studies in soft-tissue 

regeneration. 

2"        annual report is divided into two sedions^TjieJirst section deals with the progress 

gg^JL   The second section ]s^M^^^mn^imess^^]^e^ 
S5nn nf nur snft-tissue reoeneratio^SSigiZ^^ 
progress on soft-tissue and hard-tissue regeneration is presented separai tely 
a Specific Objective 1:   To perform ear punch experiment in different inbred strains of 
mice and determine the best mouse strain (s) for soft-tissue regeneration (see Appendix 21 for 

3 detai?njud^sPfeen recognized as a major global public issue (1) but the genetics of wound 
healing is not well studied. In this study, we investigated the genetic variation for the.rate.of 
wound healing among 20 inbred strains of mice and explored the genetic basis underlying the 
difference usinq two segregating populations with different healing capacities. 

Twenty inbred strains of mice were selected from a group of major inbred straps 
renresentha a diversified genetic origin. Three 4-week old female mice from each strain we e 
ffiÄtÄl-bJle. (Bar Harbor, ME) A 2 mm through-and^rough ho e 
in diameter was made in the lower cartilaginous portion of each ear using a metal-ear punch 
(Fisher Scientific, Pittsburgh, Catalog No. 01-337B). The hole closure (>n diameter) was 
measured using a 7X magnifier at day 0, 5, 10, 15, 20, 25, and 30 after injury. 

We have demonstrated that inbred strains of mice differ significantly in the rate of wound 
healinq Of the 20 strains tested, MRL/MpJ-Fas* and LG/J/J mice were the most rapid and 
complete hea ers They healed over 95% of the holes on the 30th day after wounding, in contrast 
to Ba" b cByJ o SJL/Zthat only healed less than 25% of the ho.es at the> same period of time. 
The overall wound-healing profile revealed three healing stages: 1) an initiation stage (da 0 to 
dav 5) where there was no significant difference (P=0.01) in wound closure among all st ains, 2) 
a fast healng stage (day 6 to day 20) where most of the strains achieved their maximal wound 
dosure and exhibid markedly different healing capacity among strains; 3) a sk>w-healing stage 
(day 21 to day 30) where most of the strains had no healing or very little healing. The ast 
healers like MRL/MpJ-Fas,pr and LG/J/J, had no slow healing stage. After initiation of healing, 
the ^sS the hole's with a greater and constant rate In contrast slow hea!ers irveluding 
Balb/cByJ and SJL/J, had no obvious fast healing stage. They remained at a slow healing stage 

UntH th\hrge9neL^;lder,yi the difference in the healing capacity was analyzed us^g 
F, populations of two different crosses. We showed that the rate of wound healing is a 
polyPgePniSXdetermined trait with an average estimated heritabi.ity of 86%. The modes; d^gene 
ac ion for the two crosses are different. In the (MRL/MpJ * SJL/J) cross the Fi offspring 
exSted intermediate values of the two parents and  F2 individuals exhibited a normal 

Page 14 



distribution with an average value similar to that of F,. In contrast, the average ^ offspring in 
the (MRL/MpJ-Faslpr * CBA/J) cross had a similar value to one parent, CBA/J mice, and the 
phenotypic distribution of the F2 offspring severely deviated from normality, being shifted toward 
the average value of the CBA/J parent. AX

2 test showed that the MRL/MpJ-Faspr type:CBA/J 
type ratio in the F2 population did not differ significantly from 1:3. These results suggest that 
there is a dominant repressor gene in CBA/J mice which suppressed the additive action of fast- 
healing genes in MRL/MpJ-Faslpr. 

In conclusion the rate of ear wound healing differs significantly among strains. 
MRL/MpJ-Faslpr and LG/J/J are ideal strains for the study of soft-tissue repair/regeneration. 
Wound healing is a genetically controlled quantitative trait with a high hentabihty. The fast- 
healer genes exhibited an additive effect and the repressor gene showed a dominant effect. 
The healing capacity was a function of the number of fast-healer genes in the absence of the 
repressor gene and became a simple Mendelian trait (independent of the number of the fast- 
healer genes) in the presence of the repressor gene. These findings have been submitted to 
Heredity for publication (Appendix 2-1). 

b Specific Objective 2:   To perform vertebral "drill-hole" experiments in different inbred 
strains of mice and determine the best mouse strain(s) for hard-tissue regeneration (see 
Appendix 2-2 for a detailed description). . . 

Genetic variation in the bone regenerative capacity has not been studied in any animal 
model system The lack of progress is due, in part, to technical difficulties associated with the 
creation and quantitative measurement of a reproducible injury. In a preliminary study, we 
found differences in the rate of vertebral fracture healing among strains using an Instron 
Mechanical Tester (Instron Corporation, Canton, MA) to create vertebral fractures. Due to the 
different biomechanical properties among the strains, it was difficult to introduce identical injury 
reproducibility and perform comparative analysis quantitatively. We, therefore, explored an 
alternative model, a drill-hole in the vertebra. This model effectively overcame the technical 
difficulties of the fracture model by introducing an injury of reproducible size and with a clearly 
defined boundary, making it possible to quantify and compare the rate of bone healing among 
strains. , .   .   . 

Twelve inbred strains of mice were used for this study- the same number and strain as 
those of the soft-tissue regeneration study. A hole of 0.9 mm in diameter was produced in the 
third vertebra from the base of the tail using a Dremel Tool equipped with a 1/32-inch drill bit. 
The healing process was monitored up to 30 days at 10-day intervals using high resolution 
Faxitron X-ray images (MX-20 Specimen Radiography System, Illinois, USA) for qualitative 
evaluation and a Chemilmager™ 4000 Low Light Imaging System (Alpha Innotech Corporation, 
San Leandro, CA) for quantitative evaluation. 

Using this approach, we have found significant variation in the bone regenerative 
capacity among strains. The difference approached three-fold between a fast regenerative 
strain and a slow regenerative strain. Of the twelve strains tested, Sencar was the most 
suitable model for the study of hard-tissue regeneration. It regained 73% of the bone removed 
by drill hole 30 days after injury, in contrast to a slow healer, CBA/J, which only recovered 25/o 
of bone lost in the same period of time. The coefficient of variation across all strains was as 
high as 42%, suggesting a quantitative genetic regulation of the phenotype. Seventy-two 
percent of the variation could be attributed to genetic factors, providing a rationale for the 
mapping of loci critical to bone regeneration. In this regard, a (SENCAR X CBA/J) matting 
would be an ideal cross for the QTL mapping. 

The most significant finding in this study was that bone regenerative capacity was not 
correlated to soft-tissue regenerative capacity but significantly correlated to bone density. A 
typical example of no correlation between the soft- and hard-tissue regenerative capacity is the 
CBA strain, which was a fast healer in ear repair/regeneration (a relative healing rate of 84/o), 
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but a slow healer in bone regeneration (a relative healing rate of 25%). There are a number of 
potential explanations for the lack of correlation, including that the soft tissue consists of 
different cell types compared to the hard tissue; it has a much more severe inflammatory 
reaction than hard tissue in response to initial injury; and it does not form the callus 
characteristic of hard-tissue regeneration. It appears that, although they may share some 
common molecular pathways, hard-tissue healing involves a different regulatory program 
relative to soft-tissue healing. This finding will necessitate separate molecular investigations for 
soft- and hard-tissue regeneration. The significant association between bone regenerative 
capacity and bone density (r=0.49, p<0.01 with total BMD; r=0.58, p<0.01 with femur BMD; 
r=0.49, p<0.01 with forearm BMD; and r=0.63, p<0.001 with total BMC) suggests that high bone 
densities not only reduce the risk of bone fracture, but also promote the bone healing after 
injury. The genetic implication of this association is that some of the genes regulating bone 
density might also function in bone regeneration. Many candidate genes or QTL regions for 
high bone density in both humans and mice have been identified, and our QTL mapping 
programs for bone density genes are also in progress. Further studies of these candidate 
genes should disclose this intriguing genetic relationship and facilitate the identification of the 
genes regulating bone regeneration. 

In conclusion, a significant genetic variation in bone regenerative capacity exists among 
inbred strains of mice. This variation provides a genetic basis for the molecular dissection of 
this highly inherited trait. The bone regenerative capacity did not correlate with soft-tissue 
repair/regeneration but exhibited a strong correlation with the total BMD. This correlation has 
significant genetic and practical implications in preventing bone fracture and accelerating bone 
healing in humans. The findings of this study have been submitted to Bone for publication 
(Appendix 2-2). 

3.        Additional Progress - Studies Related to Soft-Tissue Regeneration 
a. Analysis of the differentially expressed genes between a regeneration 

strain, MRL, and a non-regeneration strain, B6, by commercial and in-house microarray 
hybridization (see Appendix 2-3 for a detailed description). Wound repair/regeneration is a 
complex process consisting of three stages: inflammation, tissue re-growth, and remodeling, 
which together involve the action of hundreds of genes. In order to identify and analyze the 
genes that are expressed at the inflammatory stage of repair (i.e., 24 hours after injury) and to 
evaluate the molecular basis of fast wound repair/regeneration in adult mammals, we examined 
the expression of 8,734 sequence-verified genes in response to ear punch in a fast wound 
repair/regeneration strain, MRL/MpJ-Faslpr mice, and a slow wound repair strain, C57BL/6J 
mice. 

Three 2 mm through-and-through holes were made using a metal ear punch in both ears 
of the mice when animals reached 5 weeks of age. A 0.4 mm disc of ear-punched tissue was 
isolated 24 hours after ear punch from 10 animals from each strain. An equivalent amount of 
ear tissue at the corresponding region was also isolated from the non-ear-punched control mice. 
The ear-punched or control tissues from each strain were pooled. Total RNA was isolated using 
RNeasy Kit (QIAGEN) and mRNA was purified using Oligotex mRNA Kit (QIAGEN) based on 
the manufacturer's instructions. Incyte Genomics commercial service was used for probe 
labeling and microarray hybridization and in-house microarray facilities were used to validate 
the commercial results. 

A comparison of the gene expression profile from the ear-punched and non-ear-punched 
control tissue revealed that the inflammatory stage of repair is associated with the altered 
mRNA expression of 2.5% of genes analyzed in both strains. Of the 8,734 mouse cDNA clones 
surveyed in the GEM1 microarray, 54 (0.6%) exhibited a greater than two-fold increase in 
expression levels in both MRL and B6 mice, 113 (1.3%) in MRL mice only, and 50 (0.6%) in B6 
mice only.  Many differentially expressed genes can be assigned to wound-repairing pathways 
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known to be active during the inflammatory phase, whereas others are involved in pathways; not 
previously associated with wound repair. Many genes of unknown function (ESTs) exhibited a 
more than two-fold increase in MRUMpJ-Fas* or C57BL/6J mice, suggesting that current 
understanding of the molecular events at the inflammatory stage of repair is still limited Some 
of the differentially expressed genes are localized to the wound healing QTL regions identified 
by McBrearty, et al (2). These genes include esterase 1, deubiquitinating enzyme, elF-1A, 
keratin complex 2 gene 6A, lymphocyte antigen 6C, and metallothionein 1 and 2. 

In conclusion, a comparison of the differential expression profiles between ear-punched 
MRL/MpJ-Faslpr and C57BL/6J tissue suggests that the expression profile in MRL mice 
exhibited a metabolic shift toward a lower inflammatory response and an enhanced tissue 
repair The trigger for this shift may be pivotal for understanding rapid wound 
repair/regeneration in the MRL strain of mice. These results have been accepted for publication 
in Mammalian Genome (Appendix 2-3). mnono„Hnn 

b Analysis of the differentially expressed proteins between a regeneration 
strain MRL, and a non-regeneration strain, B6, using the SELDI ProteinChip technology 
(see Appendix 2-4 for a detailed description). Systematic analysis of the function of genes 
can take place at the DNA or protein level. As a complementary approach to gene expression 
profiling on cDNA microarray, in this study we employed the SELDI ProteinChip technology to 
determine the differential protein expression profile between MRL and B6 in order to identify 
candidate genes regulating fast wound repair/regeneration in soft-tissue. 

Three 2 mm through-and-through holes in diameter were made in both ears of mice at 
the age of 5 weeks using a metal ear punch (Fisher Scientific, Pittsburgh, Catalog No. 01- 
337B) A 4 mm square disc of ear tissue which contained the punched hole was isolated using 
scissors 1 day, 5 days, 10 days, or 20 days after ear punch. The equivalent amount of ear 
tissue was also isolated from the non-ear-punched control mice. Total proteins were extracted 
and the concentration was determined at ODfe«, using Bio-Rad Protein Assay reagent (Bio-RAD, 
Cat# 500-0006). Differential protein profile was examined using the SELDI ProteinChip array. 
The SELDI (Ciphergen Biosystems, Palo Alto, CA, USA) is able to determine molecular mass 
with deviations of less than 0.2% (200 ppm) to detect a few femtomoles of protein and to 
estimate the amount of hundreds of proteins simultaneously. These features have made it 
feasible to examine the protein profile from the crude protein extract in response to eappunch 

6 WeeRve candidate proteins were identified in which responses of MRL to the ear-punch 
were two- to four-fold different compared to those of B6. Their corresponding genes were 
predicted using an antigen-antibody assay validated mass-based approach. Most of the 
predicted genes are known to play a role or are likely to play a role in the wound 
repair/regeneration. Of the five candidate proteins, the amount of the 23560 Dalton protein in 
the ear-punched tissue was significantly correlated with the rate of ear healing in six 
representative strains of mice, making it a good candidate for fast wound repair/regeneration. 
We speculate that the increased concentration of the 23560 Dalton protein in the wound tissue 
could stimulate the expression of various growth-promoting proteins and, consequently, speed 
up the wound repair/regeneration processes. _„filö 

In conclusion, we have demonstrated that examination of the protein expression profile 
using SELDI technology, coupled with database searches, is an alternative approach to search 
for candidate genes for wound repair/regeneration. This novel approach can be implemented in 
a variety of biological applications. These results have been accepted for publication in 
Biochimica et Biophysica Ada (Appendix 2-4). 
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4. Key Research Accomplishments 

■ Demonstrated that both soft-and hard-tissue regenerative capacities differ significantly 
among inbred strains of mice. These findings provide a genetic foundation for the 
therapeutic intervention of tissue regeneration. 

■ Identified a suitable regeneration strain, MRL/MpJ, and a non-regeneration strain, SJL/J, for 
the study of molecular mechanisms underlying soft-tissue regeneration. 

■ Discovered different gene actions in the soft-tissue regeneration, i.e., the fast-healer genes 
exhibited an additive effect and the repressor gene showed a dominant effect. This finding 
is fundamentally important in elucidating the molecular mechanisms of the wound healing 
process. 

- Identified a suitable strain, Sencar, as a model system for the study of hardtissue 
regeneration. 

■ Demonstrated that hard-tissue regenerative capacity is not correlated with soft-tissue 
regenerative capacity but significantly correlated with bone density. This finding implies that 
separate molecular investigations are necessary for soft- and hard-tissue regeneration and 
suggests that high bone densities not only reduce the risk of bone fracture but could also 
promote the bone healing after injury. 

■ Identified 44 genes and 135 ESTs that differentially expressed more than 2-fold between the 
regeneration strain, MRL, and non-regeneration strain, B6, using microarray hybridization. 
This information is important for subsequent genetic investigations of soft-tissue 
regeneration. 

■ Demonstrated that the expression profile in MRL mice exhibited a metabolic shift toward a 
lower inflammatory response and an enhanced tissue repair compared to that in B6 mice. 
This finding indicates that the clinic treatment of mammalian injury should target the 
enhancement of tissue repair as well as control of inflammation. 

■ Identified five differentially expressed proteins between the regeneration strain, MRL, and 
non-regeneration strain, B6, using SELDI technology. These proteins merit further 
investigation. 

■ Demonstrated that the amount of the 23560 Dalton protein in the ear-punched tissue was 
functionally correlated with the rate of ear healing in six representative strains of mice, 
making it a strong candidate for regulating soft-tissue repair/regeneration. 

5. Reportable Outcomes 

Publications: 
1. Li X, Gu W, Masinde G, Hamiiton-Ulland M, Xu S, Mohan S, Baylink DJ (2000) Genetic 

control of the rate of wound healing in mice. Submitted to Heredity. 
2. Li X, Gu W, Masinde G, Hamiiton-Ulland M, Mohan S, and Baylink DJ (2000) Genetic 

variation in the bone regenerative capacity among inbred strains of mice. Submitted to 
Bone. 

3. Li X, Mohan S, Gu W and Baylink DJ (2000) Analysis of gene expression in the wound 
repair/regeneration process. Mammalian Genome. In press. 

4. Li X, Mohan S, Gu W, Miyakoshi N and Baylink DJ (2000) Differential Protein Profile in the 
Ear-punched Tissue of Regeneration and Non-regeneration Strains of Mice: A Novel 
Approach to Explore the Candidate Genes for Soft-tissue Regeneration. Biochimica et 
Biophysica Acta. In press. 

5. Li X, Mohan S, Gu W, Wergedal J and Baylink DJ (2000) Quantitative assessment of 
forearm muscle size, forelimb grip strength, forearm bone mineral density and forearm bone 
size in determining humerus breaking strength in ten inbred strains of mice. Calcified Tissue 
International. Accepted with minor revision. 
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Animal Models: 
1. MRL and LG have been identified as model strains for the study of soft-tissue regeneration. 
2. Sencar has been identified as a model strain for the study of hard-tissue regeneration. 

Innovations: 
1. Developed a "drill-hole" model in the tail vertebra of inbred strains cf mice that allows us to 

reproducibly introduce an injury with a defined boundary and quantify the rate of bone 
healing using the combination of high resolution Faxitron X-ray images and a 
Chemilmager™ 4000 Low Light Imaging System. 

2. Developed a protein mass-based, database-mediated novel approach to search for 
candidate genes using surface-enhanced laser desorption/ionization technology. 

6. Conclusions 

Using distantly related inbred strains of mice, we demonstrate that the soft- and hard- 
tissue repairing/regenerative capacities are highly inherited quantitative traits and differ 
significantly among inbred strains of mice. We have identified suitable inbred strains of mice for 
the study of soft- and hard-tissue regeneration. These findings provide a genetic foundation for 
the molecular dissection and therapeutic intervention of tissue regeneration. Using cDNA 
microarray and surface-enhanced laser desorption/ionization technologies, we have identified 
several genes whose expression levels are associated with soft-tissue repairing/regenerative 
capacity. In vivo functional studies are in progress to evaluate their therapeutic potential in the 
treatment of soft-tissue injury. 
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Explore the Candidate Genes for Soft-tissue Regeneration. Biochimica et Biophysica Acta. In 
press. 
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Appendix 2-5: 
Li X, Mohan S, Gu W, Wergedal J and Baylink DJ (2000c) Quantitative assessment of forearm 
muscle size, forelimb grip strength, forearm bone mineral density and forearm bone size in 
determining humerus breaking strength in ten inbred strains of mice. Calcified Tissue 
International. Accepted with minor revision. 

C.        TECHNICAL OBJECTIVE 3 - To apply ENU mutagenesis to identify new genes that 
regulate soft- and hard-tissue regeneration in C3H strain of mice. 

1. Introduction 
The goal of this technical objective is to identify and characterize novel genes or to 

elucidate function for known genes that play a key role in the metabolism of bone and soft tissue 
using the ENU mutagenesis technique. Our initial studies are intended to perform dominant 
screening. During the first 12 months of the funding period, we have proposed the following 
specific objectives: 

a. Determine the optimal ENU dosage; 
b. Develop and optimize each of the proposed phenotypic screens; 
c. Optimize each phenotypic screening method to allow for maximal reproducibility and 

sensitivity; and 
d. Adapt each phenotypic screen to be applied to large populations of mice. 

Our progress in each of the specific objectives is discussed below. 

2. Body 
a.       Specific Objective 1: Determination of optimal dose of N-ethyl-N-nitrosourea (ENU). 

1) Selection of C3H/HeJ (C3H) Mice for ENU Mutagenesis Study. Our main aim 
of using ENU mutagenesis in the mouse model is to identify genes that regulate bone density 
and soft-tissue regeneration in mice (and presumably in humans). We have earlier identified (1) 
that C3H mice have the highest bone mineral density (BMD) among 13 inbred strains. Since 
ENU mutagenesis is most likely to affect gene expression by disruptive mutations, it can be 
predicted that using a high-BMD mouse strain is ideal for identifying genes that effect bone 
density. In addition, we have observed that C3H is a good model for soft-tissue regeneration 
and fracture healing (see Appendix 2-2). Therefore, C3H mice offer an excellent model to study 
loss of function mutations on various phenotypes of interest to us. Furthermore, it has been 
reported (2) that C3H mice are one of the few strains that can tolerate ENU very well and are 
one of the most fertile strains after an initial recovery period. Consequently, a large number of 
mutants could be generated with similar amount of effort, as compared to other strains of mice 
that are relatively less fertile after ENU injections. An added advantage with the C3H strain is 
that spermatogonia from this strain can be frozen successfully for subsequent recovery of 
mutants. This is an essential feature for the success of our ENU program. 

2) Injection of ENU in C3H Male Mice. Seven batches of 8-to 10-week-old 
C3H/HeJ (C3H) males were weighed individually and then injected with 85-250 mg/kg (body 
weight) ENU intra-peritoneally (for details of dose for each group see Table 1). All C3H male 
mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and acclimatized for two 
weeks before ENU injections. ENU was purchased from Sigma Chemical Co. (St Louis, MO) in 
a 100mL serum bottle (ISOPAC, Cat # N3385, containing 1 g powder, and stored in-20°C in its 
original shipping container). To make the ENU solution, 5mL of 100% ethanol was injected in 
the ISOPAC ENU bottle and suspension was warmed in a 60°C water bath and, subsequently, 
diluted to 10 mg/mL using sterilized citrate/phosphate buffer.   ENU concentration was finally 
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determined by measuring the absorbance at 395nm, where 0.7 OD was considered equivalent 
to 1.0 mg/mL 

Each mouse was individually weighed and ENU was administered by intra-peritoneal 
injections. After ENU injections, all mice were placed in the disposable animal cages (four mice 
per cage) and maintained for 48 hours in the fume hood where ENU is administered. Two days 
after the ENU injections, all mice were placed in the colony room with 12-hour day/night cycle 
and fed standard rodent diet for 10-12 weeks in groups of 2-4 mice/cage. For several groups, 
ENU injections were repeated 3 or 4 times at weekly intervals (for details see Table 1). ENU 
was handled with extreme care, since it is a powerful mutagen. 

Table 1. Response of C3H/HeJ mice to different doses of ENU 

Groups Dose 
(number of 
weekly 
injections X 
dose) 

Total Dose 
(mg/kg) 

Number of Mice 
Injected/Survived 

Number of 
Mice Fertile 
(14-week 
post ENU 
injections) 

Number of F1 
Offspring 
Produced 

Batch # 1 4 x 90 mg/kg 360 15/1 None None 

Batch # 2 3 x 90 mg/kg 270 15/13 7 141 

Batch # 3 3 x 85 mg/kg 255 15/14 8 101 

Batch # 4 1 x 250 mg/kg 250 20/18 1 18 

Batch # 5 3 x 85 mg/kg 255 45/45 24 196 

Batch # 6 4 x 85 mg/kg 340 15/15 Data not yet 
available 

Data not yet 
available 

Batch # 7 3x 100 mg/kg 300 15/15 Data not yet 
available 

Data not yet 
available 

F1 offsp ring are currently Deing screened for various phenotypes. 

3) Breeding Strategy. Since ENU is mutagenic or cytotoxic to all stages of 
spermatogenic cells, causing cessation of cell division and cell death, successfully mutagenized 
mice   are   rendered  temporarily  sterile  after  existing   post-meioic  cells  have  completed 
spermatogenesis to become mature spermatozoa, which takes about 4 weeks after ENU 
injection.    In a typical case, new rounds of spermatogenesis will cease for 10-12 weeks 
following injection; during this period surviving mutagenized stem cell spermatogonia repopulate 
the testis.  In the case of C3H mice, we observed that C3H males regained fertility only after a 
14-week period after the final ENU injection.  Mortality and fertility were closely monitored and 
recorded at this stage.   The dose of ENU for future experiments will be chosen based on the 
percent of mice that regain fertility after ENU treatment and the frequency of mutations at the 
various ENU doses. 

4) Mating Scheme.  To insure enough progeny are produced in the life span of a 
male, each ENU-treated C3H male was mated with two 8- to 10-week-old C3H females.  The 
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pregnant females are moved to isolator cages for delivery of the offspring. A new female is 
introduce to the ENU male to replace the pregnant female. After an 8-10 week period, the 
males are rotated back to the original group of females to start the cycle over again. C3H 
females were replaced with younger mice (10 weeks) after 6 months and the males were 
replaced with new ENU-treated mice after three months. 

To insure that repeat mutations are not frequently obtained, only 50 progeny will be 
generated and screened for each male injected with ENU. 

5) Maintenance and Identification of F1 Progeny. All ENU male mice were 
identified by the use of an ear tag. A unique number marked by a tattoo in the tail identifies all 
female mice. ENU male and female mice involved in breeding are fed breeder diet and checked 
twice a week for pregnancies. Once a female is pregnant and is ready for delivery, she is 
moved to micro-isolator cages. Female mice will remain in the micro-isolator cage until 
weaning. All F1 progeny were housed in the micro-isolator cages and fed irradiated diet and 
sterile water. For screening purposes, mice were taken out from the micro-isolator cages in a 
Laminar flow workstation. 

b. Specific Objective 2: Develop and optimize each of the proposed phenotypic screens. 
In any search for mutations, the yield would depend on the sensitivity and reproducibility 

of the phenotypic screen. Since the phenotypic screen for ENU studies involves a large number 
of animals, we must be able to perform them in an efficient manner. The following section 
describes our progress in the development and validation of various phenotypic screens, which 
are divided into four categories as shown below: 

1) Markers of bone turnover 
a) C-telopeptide 
b) Osteocalcin 
c) Skeletal alkaline phosphatase 

2) Growth screens 
a) Body weight 
b) IGF-I 
c) Muscle mass by PIXImus 

3) Bone phenotype screens 
a) Bone density (DEXA) by PIXImus 
b) X-ray images by Faxitron 

4) Soft tissue regeneration screen using ear punch healing 

We have selected a wide range of biochemical tests that can detect changes in bone 
formation as well as resorption. A major focus of the biochemical screen is to identify genes 
affecting bone turnover. A brief description of all the assays used in the screening is described 
in this section. All biochemical assays have been developed and validated for application to the 
mouse model. 

1) C-telopeptide of Type-I Collagen. During osteoclastic resorption, carboxyl and 
amino terminal fragments of type-l collagen were released into the circulation where its 
concentration correlates with indices of bone resorption in a human, as well as in mouse, model. 
We have developed a C-telopeptide (of type-l alpha 1 collagen) ELISA to measure bone 
resorption in mouse serum. The ELISA procedure utilizes an affinity-purified polyclonal 
antibody, which was generated against a linear synthetic peptide sequence 
DFSFLPQPPQEKAHDGGR (3). The C-telopeptide ELISA has been validated for in vivo 
usefulness in the mouse model by assessing several skeletal perturbations that are known to 
effect bone resorption. The sensitivity of the ELISA is 0.5 ng/ml, and it requires 10^L of mouse 
serum for measurements of C-telopeptide. The ELISA exhibited intra- and inter-assay (n=3) 
variations of coefficient of variance (CV) <9% and <13%, respectively.   Our work dealing with 
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the development and validation of C-telopeptide for mouse serum has been accepted for 
publication in Bone (see Appendix 3-1). 

2) Osteocalcin. Osteocalcin is a bone specific protein (46 amino acids) secreted 
by osteoblasts. It comprises 1-2 % of the total bone protein. A fraction of newly synthesized 
intact osteocalcin (about 15%) is released into the circulation, where its concentration reflects 
osteoblastic activity and bone formation. We have developed a synthetic peptide-based 
osteocalcin radioimmunoassay (4) and validated its in vivo utility in the mouse model. For 
application to ENU screening, the RIA was modified into an ELISA format, which showed 
analytical and clinical performance identical to RIA. The sensitivity of the ELISA is 6 ng/ml and 
it requires 10 |iL of serum. The assay showed an average intra- (n=9) and inter-assay 
coefficient of variation of CV<14%. Our work dealing with the development and validation of 
synthetic peptide based RIA for mouse serum has been published in Calcified Tissue 
International (Appendix 3-2). 

3) Alkaline Phosphatase. Measurement of bone specific alkaline phosphatase 
(sALP) has been shown to provide an index of the rate of bone formation. Alkaline phosphatase 
can be measured in serum by kinetic methods using p-nitrophenylphosphate as substrate. In 
the mouse, the major isoform of alkaline phosphatase (ALP) that can interfere in the serum 
measurements of sALP is the intestinal alkaline phosphatase. However, activity of this intestinal 
isoenzyme is more sensitive to inhibition by L-phenylalanine. By the addition of 15 mM L- 
phenylalanine, up to 90% of intestinal alkaline phosphatase can be inhibited without significantly 
affecting the skeletal isoenzyme activity (5). The L-phenylalanine inhibition assay exhibited 
intra-assay (n=10) and inter-assay (n=8) variation (CV) between 1.9% and 3.8%. The assay 
can detect <10 mU/ml of alkaline phosphatase in mouse serum. 

4) Insulin-like Growth Factor-1 (IGF-I). It is well known that growth hormone 
effects on bone and other tissues are mediated via IGF-I. In addition, IGF-I is an important 
autocrine and paracrine regulator of bone formation. It has been shown that IGF-I concentration 
in mouse serum correlates highly with bone mineral density. Therefore, measurement of IGF-I 
provides important insight into growth and normal bone development. We have developed an 
RIA for the measurement of IGF-I in mouse serum using polyclonal antibodies generated 
against recombinant human IGF-I in chickens. Human recombinant IGF-I (GroPep, Australia) 
was used as a tracer and calibrator. Since the IGF-I concentration is regulated by multiple 
components of the IGF-I regulatory system, including IGF binding proteins (IGFBPs), removal of 
this protein is necessary for the precise and meaningful estimation of IGF-I concentrations. In 
our assay, IGF-I was separated from binding proteins by using acid-ethanol extraction protocol 
described previously (6). The cross reactivity with IGF-II was <0.5%. The sensitivity of the IGF- 
I measurement was <50 pg/ml, and the intra- and inter-assay CV was <12%. 

5) Bone Mineral Density and Lean Body Mass. In vivo measurements of total 
bone mineral density (BMD), bone mineral content (BMC), and lean body mass were 
determined by dual energy X-ray absorptiometry (DEXA) using the PIXImus instrument (Lunar 
Corporation, Madison, Wl). Data was analyzed by using PIXI software 1.45. Whole body scan 
was performed and the skull was omitted from final analysis by region of interest (ROI) 
placement. The fat mass and lean mass were also determined by PIXImus software. The 
manufacturers described reproducibility of BMD and BMC measurements is CV <2%. 

6) Soft Tissue Regeneration Screen. We have developed a methodology to 
screen for the capacity of an animal to repair or regenerate soft tissue. This methodology is 
described in detail in Specific Objective 1 of Technical Objective 2. This method has been 
successfully used as a tool to identify differences in the regenerative capacity of various strains 
of mice. A similar procedure will be followed for screening F1 offspring obtained from ENU 
injected male mice. 
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c.        Specific Objective 3: Optimize each phenotypic screening method to allow for maximal 

reproducibility and sensitivity. d reference values for biochemical markers mmmmmm 
assays are summanzedbelo^ ^.^ ^.^ ^ ^ , 

male group. On the other hand, fasting had no significant effect on sALP levels.rt »male mice, 
maie gr   p Variation. Longitudinal variation was studied over a 7-day period. 

samplas'colJeTön three d^nt days and mean vaiue of population CV (from three days) 

" ^J£Ä£Ä WCVfor'c-telopeptide was 60% higher for morn™ 
blood ooNeotlon as oomTared to afternoon samples (p<0.05). The differenoea ,n populate CV 
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of sALP and osteocalcin levels for morning and afternoon blood collection were statistically not 
significant. 

4) Strategy for Biochemical Screening and Evaluation. The above results 
highlight the importance of the timing of sample collection for appropriate interpretation of the 
bone marker data. Based on our data, we have formulated the following strategy for 
biochemical and other phenotype screening in our ENU study: 

a) All blood samples will be strictly collected between 1500- 1600 hours. We have chosen 
this time because we observed comparatively lower between-subject variation in C- 
telopeptide and sALP levels. To avoid the effect of circadian variation, all blood samples will 
be invariably collected between the same time periods. 
b) The blood samples will be collected by retro-orbital sinus puncture under anesthesia. 
Once anesthesia is administered, animals are sedated for less than 30 minutes. During this 
period, DEXA measurements will be performed using PIXImus. This will avoid repeated 
administration of anesthesia and reduce the risk of fatality. 
c) Since there are age- and sex-related differences in biochemical marker levels, a 
separate reference range will be obtained and utilized to identify abnormal values. A 
separate reference range is required for repeat measurements performed at 7.5 weeks of 
age. In addition to a normal reference range, comparison with littermates will also be used to 
define abnormal bone phenotype. 
d) Abnormal values are defined as 3SD (standard deviation) lower or higher than the age 
and sex matched normal reference range. We have chosen 3SD criteria because of the large 
between-subject differences in marker levels, and 5-10% values fall outside 2SD criterion. 

Using the above guidelines, we have generated normal range data for 6-week-old (42- 
days) male and female C3H mice (with n=25 for each group). Weights were recorded using an 
electronic balance with measurement errors <0.01% at 25 g. All biochemical measurements 
were performed in blood collected between 1500-1600 hours. Serum samples were assayed in 
duplicate in single run to avoid the effect of between-run variation. Total BMD measurements 
were performed by DEXA using PIXImus. For soft-tissue regeneration (STR), a hole was 
punched in normal 3-week-old mice and the size of hole was measured after 1, 2, and 3 weeks. 
Details of all normal range data are given in Table 2. These data are critical for deciding 
whether a given offspring from an ENU treated male is mutant or normal. 

Table 2.   Normal Reference Range for Bone Density, STR, Muscle Mass, Weight, and 
Biochemical Markers. 

Phenotype Sex Mean (n) 99% Confidence intervals 

Weight (g) 
Female 16.6(25) 13.8-19.4 

Male 20.5 (25) I 16.8-24.2 - 

BMD (g/cm2) 
Female 0.04140 (25) 0.03489 - 0.04791 

Male 0.04161 (25) 0.03693 - 0.04629 

Muscle mass (g) 
Female 8.4 (25) 6-10.8 

Male 10.4(25) 8.8-12 

STR (mm) 
Female 1.3(14) 0.9-1.7 

Male 1.3(23) 0.8-1.8 
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sALP (IU/L) 
Female 180(25) 120-240 

Male 148 (25) 98.8-197.2 

Osteocalcin 
(ng/ml) 

Female 176.5(25) 91.9 - 261.1 

Male 180.7(25) 132.2 - 229.2 

C-telopeptide 
(ng/ml) 

Female 9.2 (25) 3.8 - 14.6 

Male 21.2(25) 8 -34.4 

IGF-I (ng/ml) 
Female 253(18) 119-387 

Male 282.4 (23) 203-362 

d.        Specific Objective 4: Adapt each phenotypic screen to be applied to large populations 
of mice. 

To identify new dominant mutations, screening was carried out on the F1 offspring to 
identify bone and soft tissue phenotypes. Our main biochemical and bone density screens will 
be performed at 6 weeks of age. The rationale for selecting this age group was to screen for 
genes that affect bone density after pubertal growth phase when peak bone density is attained. 
In addition, any changes in bone turnover observed at this stage will have a long-term effect on 
bone density; therefore, mice with abnormal bone turnover can be followed up for an extended 
period (up to 12 months). Furthermore, age is critical in terms of housing cost of the mice, as it 
will affect the maximum number of micethat are housed at a given time. Our estimates indicate 
that primary screening performed at 6 weeks of age will substantially save the housing cost, as 
compared to 8-12 weeks of age, without significantly compromising the effectiveness of 
phenotype screens. 

Our screening strategy incorporates body growth, soft-tissue regeneration, and bone 
density. The following screening strategy has been formulated for identifying the above- 
mentioned phenotypes: 

1) At days 1-21: 
To systematically screen for anomalies identifiable at birth and during weaning, cages will be 

inspected daily for litters. The following observations will be recorded: a) stillbirths; b) litter size; 
c) deaths between birth and weaning; and d) each animal will also be examined for obvious 
visible anomalies. 

Size of littermates (weight, length, and size of head & limbs), weight, and length of each 
offspring is recorded on day 7. Weight and length are compared with two littermates to identify 
abnormal values. 

2) At day 21: 
All F1 offspring are ear tagged for identification. F1 males and females are housed in 

separate cages in groups of 4 mice per cage. A hole is punched (2-mm) in each ear for STR 
monitoring. 

3) At day 31: 
The size of the ear hole is measured to monitor STR. 

4) At day 42: 
The size of the ear hole is measured to monitor STR. Between 1500-1600 hours, animals 

are sedated by injectable anesthesia and 200-250 jxl blood is collected by retro-orbital sinus 
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puncture. Blood is transferred to small tubes (1.0-ml capacity) with clot activating gel and stored 
at 4°C until the serum has separated. Serum is aliquoted in 2-3 aliquots and stored at-70°C for 
biochemical analysis. BMD and muscle mass measurements are performed during this period 
using PIXImus. Animals are kept warm and frequently recover within 30 to 60 minutes. 

5) At day 56: 
In order to confirm a bone phenotype, blood is collected when the animals are 52-56 days 

old. Blood is collected, as described above, and bone density measurements repeated at this 
time using PIXImus. Biochemical tests were performed on the serum and compared with age- 
and sex-matched normal range data, and with at least two littermates, to confirm the phenotype. 
After confirmations of biochemical test, all animals are back crossed with wild type C3H male or 
female animals. 

6) Aging phenotypes: 
Mice with abnormal bone turnover will be kept for extended periods (12-18 months), during 

which period bone density measurements will be repeated several times to detect long-term 
effects of altered bone turnover on changes in BMD or BMC. 

7) Data Processing: 
All results on phenotype screens are currently entered in Excel spreadsheets and pictures of 

mice with dismorphologic features are stored on CD-ROM. For mouse colony maintenance and 
phenotype data management, a network based computer program COLONY (Locus 
Technology, Inc., Orland, ME) is currently procured. The software can be used for storage and 
retrieval of phenotype and genotype data, list of animal characteristics, breeding record, 
weaning dates, litter history, storing images, etc. Data currently stored in the Excel 
spreadsheets will be transferred to the COLONY database. 

We have, thus far, generated 456 F1 offspring.   Phenotypic screens are in progress as 
planned. The data on mutant phenotypes will be reported in the next progress report. 

3. Key Research Accomplishments 

■ Optimal ENU dosage and time of sterile/fertile period have been determined in C3H/HeJ 
mice. 

■ Bone phenotypic screens were developed and validated for mouse model. 
■ Optimum timing of blood collection was determined for biochemical measurements to allow 

for maximal reproducibility and sensitivity. 
■ A screening strategy was developed to identify bone in a large population of F1 progeny. 
■ We have generated 456 F1 offspring that are being screened for bone and soft tissue 

phenotype abnormalities. 

4. Reportable Outcomes 

a) Srivastava AK, Bhattacharyya S, Castillo G, Miyakoshi N, Mohan S and Baylink DJ (2000) 
Development and evaluation of C-telopeptide enzyme-linked immunoassay for 
measurement of bone resorption in mouse serum. Bone 27(4). 

b) Srivastava AK, Castillo G, Wergedal JE, Mohan S and Baylink DJ (2000) Development and 
application of a synthetic peptide-based osteocalcin assay for the measurement of bone 
formation in mouse serum. Bone, volume 67, In press. 
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c) Srivastava AK, Bhattacharyya S, Li X, Mohan S and Baylink DJ (2000) Circadian and 
longitudinal variation of serum C-telopeptide, osteocalcin, and skeletal alkaline phosphatase 
in C3H/HeJ mice. Submitted to Bone. 

d) Paper presented at the 22nd Annual American Society for Bone and Mineral Research 
Meeting in Toronto, Canada. 

5. Conclusions 

We have developed, validated, and adapted all biochemical screens for mouse model. 
In addition, we have determined, through an extensive biological variation study, the optimal 
sampling time for biochemical measurements. We have then synchronized the phenotype 
screens by performing bone density and biochemical screens under one episode of anesthesia. 
Consequently, we have achieved our primary objective of developing, validating, and optimizing 
the phenotype screening procedure. 

We have tested six different doses of ENU on seven different batches of male C3H 
mice. Although these experiments are still under progress, our preliminary results strongly 
suggest that three weekly injections of 90 mg/kg ENU is highly effective in producing a large 
number of mutants. This will accomplish our second main objective of identifying the optimum 
ENU dosage. 

Finally, we have developed a screening strategy, which will effectively screen body 
growth, soft tissue, and bone phenotypes, in F1 progeny. 
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Abstract 

Osteoporosis is a debilitating bone disease that afflicts 30 million people in the U.S. Peak bone 

density is an important determining factor of future osteoporosis. We have previously identified 

a QTL locus on mouse chromosome 1 that contributes to approximately 40% of the total 

variation of bone density between C57BL/6J (B6) and CAST/EiJ (CAST) strains. We have also 

produced a congenic strain in which the chromosome 1 fragment containing this QTL locus has 

been transferred from CAST (donor) to the congenic mouse strain of B6 background. In order to 

analyze the mechanism controlling the bone density and to identify candidate genes of the QTL 

locus, we have conducted microarray analysis with the RNA from both congenic and control 

mice, B6. The isolated mRNA from femurs of both congenic and B6 strains were labeled with 

different dyes and hybridized onto the same microarray chip containing 8734 genes and ESTs of 

GEM1 from Incyte genomic inc. This analysis revealed that 134 genes and ESTs showed at least 

2-fold difference between the congenic and the B6 strain. Among these candidates, 32 are 

known genes and 13 are ESTs with similar known genes, and 89 are ESTs without known 

similar genes or function. Analysis of the 45 known candidates indicated that expression level of 

several important genes of bone formation in B6 is higher than that of congenic. In contract, 

genes inhibiting bone resorption have a higher level of expression in congenic mice. Based on 

these results, a model of low rate of bone turnover of the congenic mice is proposed. This study 

provides a fundamental information on the mechanism of high bone density of the QTL locus on 

mouse chromosome 1. The information is useful to us for searching candidate genes of the QTL 

locus during positional cloning and for biological function testing of genes and drugs using B6 

and congenic mice. 



Introduction 

Osteoporosis is one of the most prevalent diseases affecting millions of people worldwide. Peak 

bone density is considered as one of the strongest determinants of subsequent osteoporotic 

fractures. More than 70% of the variability in human bone density has been attributed to genetic 

factors. Therefore, understanding the genetic mechanism of the bone density is essential for 

prediction and treatment of the osteoporosis. 

Using mouse model, we have identified 6 QTL loci of the peak bone density using a F2 

population from C57BL/6J (B6) X CAST/EiJ (CAST) (Beamer et al., 1999). Dissection of 

individual QTL locus revealed different effect on the bone density of each such locus. However, 

none of molecular base of any locus has been known. Recently, we developed several congenic 

strains that contain each individual QTL region. In particular, we have a congenic strain 

containing the QTL region on chromosome 1. The QTL locus contributes to approximately 40% 

of the total variation of bone density between CAST and B6, and it has the LOD score of 8, 

which is the strongest of 6 QTL loci. To further dissect and narrow down this QTL locus, we 

transferred a fragment on chromosome 1 that contains the QTL locus from CAST (donor) to the 

B6 (recipient) background. Accordingly, only the QTL region of the congenic strain differs 

from the control, e. g. the B6 mouse. 

The congenic strain not only provides us a suitable strain to confirm the phenotype of this 

particular QTL locus, but also give us the opportunity to study the molecular bases of this QTL 

locus. Theoretically, any difference of the gene expression that is related to bone density between 

congenic and B6 is caused by the QTL locus. However, because it is most likely that the QTL 



gene will cause changes of expression of a series of genes in its pathway which include down 

and up regulated genes. In reality, we expect the change of expression level will happen to a 

group of genes rather than a particular gene. Therefore, analysis of the profile of gene expression 

between congenic and B6 mice will provide information which may be used to predict the 

functional mechanism of the QTL gene and the possible pathway of the high bone density, and 

finally, to search and select candidate genes. 

DNA microarrays, which are microscopic and physically ordered arrays of thousands of 

DNAs of known sequences attached to solid surfaces, are most suitable to analysis of gene 

expression between B6 and congenic mice. Microarrays have been used for a wide scope of 

applications, including sequencing, detection of mutations or polymorphisms, identification of 

drug targets, and gene expression profiling (reviewed by Wilgenbus and Lichter 2). The latter 

application has gained wide use for monitoring differences in gene expression patterns in normal 

versus pathological conditions. Particularly, the use of two-color simultaneously analysis of 

profiles of gene expressions from two samples provides us a unique opportunity to the 

mechanism of the high bone density in the congenic mice. 

This study is to analyze the molecular mechanism of the QTL on chromosome 1 using 

microarray analysis to address several questions: which genes are highly expressed in the femurs, 

which genes are expressed differently between the congenic and B6 mice, and what molecular 

mechanism in congenic leads to the high bone density. 



Materials and methods 

Animals 

Mice from congenic strain, C-T, which contains the QTL locus for bone density on chromosome 

1 and the control strain, C57BL/6J (B6), were used for this study. For the phenotypic 

measurement, both congenic and B6 mice were produced and maintained in the research colony 

under 14:10 hr. lightdark cycle in The Jackson Laboratory (JAX). Autoclaved diet NIH-31 with 

6% fat and HCI acidified water (pH 2.8-3.2) were provided ad libitum. For the microarray 

experiment, Both congenic and B6 strains were housed at the Animal Research Facility, JLP 

VA Medical Center, under the same condition as in JAX. 

Bone density measurement 

According to our previous study (W. Beamer 1999), the biggest difference between the high and 

low bone density of different mouse strains achieved at the age of 4 months. Therefore, bone 

measurement of congenic and B6 strains was conducted with femurs from mice at 4 months of 

age. Before measurement of the phenotype, genotype of the congenic strain was confirmed with 

the microsatellite markers along the QTL region (Beamer et al 1999). Bone density of femurs 

was measured by peripheral quantitative computerized tomography (pQCT) with a Stratec XCT 

960M (Norland Medical Systems, Ft. Atkinson, WI). Total bone density of congenic mice then 

was compared to that of B6 strain. 

RNA preparation 



RNA was extracted from femurs of congenic and B6 mice of both 14 and 6 weeks of age. We 

extracted RNA from femurs with a modified procedure of Life Technologies using Trizol 

reagent. In our procedure, femurs and Trizol reagent were first ground in a 6750 Freezer Mill 

machine from SPEX Centtiprep Inc (Metuchen, NJ). The concentration and the quality of the 

total RNA were checked by measuring 260/280 absorption ratio using a Spectronic Genesys 

spectrophotometer from Spectronic Instruments (Rochester, NY), and by electrophoresis on 1% 

agarose gel. Then we followed the recommend procedure from Incyte to isolate polyA RNA 

from high qualified total RNA. To purify the mRNA, we double passed the mRNA over 

OligoTex mRNA isolation columns from Qiagen. After the elution of the polyA RNA, we 

conducted an ethanol precipitation, so the final product is brought up in TE in an Ambion 

Siliconized RNase-Free Microfuge Tubes 1.5ml size. Finally, we quantified mRNA on the 

Spectronic Genesys spectrophotometer. 

Microarray hybridization 

We used the Incyte commercial service for our probe labeling and microarray hybridization. We 

used the mRNA at the concentration of 50ng/ul for microarray hybridization. Samples from the 

congenic and B6 mice are sent to Incyte Genomic Inc. for microarray hybridization, where 

mRNA from congenic and B6 mice were labeled with Cy5 and Cy3 respectively and hybridized 

on to the same microarray set, the Mouse GEM1 microarray. The Mouse GEM1 microarray 

chips contians containing 8739 genes and ESTs selected from the NCBI's UniGene database. 

Detailed information of these clones and the hybridization procedure can be obtained from 

www, genomesysteins, com. 

Microarray data analysis 



Data from microarray experiment was analyzed with software GEMTools (Version 2.4. la) from 

Incyte genomic Inc. The relative strength of the signal of both samples are balanced according 

to the overall signal area and the strength. Based on the reproducibility study of the GEM1 

microarray (Incyte technical survey, Incyte genomic Inc., 1999), the reliable level of differential 

expression ratio is 1.75. In this study, The balanced differential ratio more than 2 folds is 

initially chosen as the threshold for considering as real difference of the expression between the 

congenic and B6. 

Data search for gene expression and function: We search through the PubMed 

(www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed) for literature reports on the expression 

and function of genes that are interested in this study. To search if a gene is expressed in the 

bone, we retrieved the publications that are contain key words: "(gene name) and bone and 

expression" in title/abstract words. To search the function of a gene, we used the key words 

"(gene name), bone, formation/resorption, and function. 

Result 

Bone density between B6 and congenic mice. 

Total of 13 congenic and 15 B6 controls at 4 months of age were used for the measurement of 

bone density. As indicated in the table 1, there is no significantly difference on the body weight 

and the length of the femur between the congenic and the B6 mice. While the total bone density 

and the cortical density of femurs from congenic mice are significantly higher than that of the B6 

(0.536+0.007 vs 0.496+0.006 and 0.657+0.006 vs 0.631+0.004, respectively). The increased 

bone density in the congenic mice appears due to the increased size of the bone, as indicated by 

the larger periostea! circumference. 



Microarray analysis 

We first conducted the microarray experiment with the RNA from mice of 14 weeks. Then a 

second experiment using RNA from mice of 6 weeks was to confirm the different expression of 

genes and ESTs in the first experiment. Therefore, our analysis is mainly based on the first 

experiment, and whenever necessary, we use the second to confirm the result. By using vary 

measures, Incyte Genomic Inc. has ensured that the total variability in measurement is limited to 

less than 15%. As shown in table 2, the relative signal intensity of empty wells in the first 

experiment can reach up to 200 while the spots contains 0.2X SSC have level between 28-48. In 

our study, we consider the samples that have the signal level higher than 800 as the valuable 

expression data for analysis. This criterion is 4 times higher than that of the maximum value of 

the empty wells and ten times higher than that of the SSC controls. Accordingly, using B6 of 14 

weeks as the standard sample in the experiment, we counted that 5998 out of all 8724 genes and 

ESTs have the expression levels that are higher than 800. According to this data, about 75% of 

total genes in this study are expressed in the femurs.  Among these 5998 genes and ESTs, most 

of them (5633) have the signal levels between 800 and 5000. Only few of them (93) reached 

very high level. 

Among the 93 highly expressed genes and ESTs in the B6,27 are ESTs without known function 

or similar genes. The rest 66 are genes or ESTs with known similar sequences of genes (Table 

3). By literature searching, as date of July 25,2000 from the PubMed, 30 are known related to 

bone or skeletal development. Based on this data, our microarray analysis revealed two third of 



new genes that are either not being studied for their expression in the bone, or have not been 

treated as the important/highly expressed genes in the skeletal development. Among highly 

expressed genes, we found that most of them are structural (such as procollagen, type I, alpha 1, 

hemoglobin alpha, adult chain 1, and H3 histone, family 3 A) and house-keeping genes (such as 

replication protein A2 eukaryotic translation elongation factor 1 alpha 1, nuclear receptor 

binding factor 1).  However, major growth factors are not among these highly expressed genes. 

Some of important genes in the bone, such as the bone morphological genes (BMPs), calcium 

binding protein, and insulin-like growth factor 1 have moderate expression levels. Their 

fluorescence absorption levels are around 1000 (Data not shown in Table 2). It is quite common 

that some regulatory genes are not necessary have a very high level of expression, nevertheless, 

the gene the produces the most products during bone development is the important one. 

Comparison of gene expression between femurs ofcongenic andB6 mice. 

The expression patterns of most of the genes between congenic and B6 mice are similar. 

Statistical comparison of gene expression of total 8734 genes and ESTs between B6 and 

congenic mice using Analysis of Variance (ANOVA) indicated that they have the similar pattern 

(P= 0.468207) (Figure 1). The difference on the expression of majority genes (8007) between 

these two strains is within the +1.5 to -1.5 folds. The expression levels of a total of 134 genes 

and ESTs have 2 (some are -1.8 or higher) folders or higher difference between B6 and congenic 

mice (data not shown).   The two genes that have the largest difference between B6 and congenic 

strains are the procollagen, type I, alpha 1 (B6 vs Congenic: +3) and an EST (B6 vs Congenic: - 

4.4). Among these 134 samples, most of them are expressed at moderately level, with light 

intensity around 1000. While 12 have the expression level higher than 5000. 89 of these 



differently expressed samples are ESTs that do not have known function. Only 45 are known 

genes or ESTs with similar gene sequences (Table 3), The expression of these genes was also 

analyzed with the mice of 6 weeks. Comparison of the result of these two experiments using 

ANOVA (single factor), we found that they are highly similar, P= 0.949757. 

Several evidence indicated that bone turnover activity in congenic mice is lower than that in B6 

mice. 

As indicated in table 4, several important genes for bone formation have higher expression levels 

in B6 than that in congenic mice. 1) Osteoblast specific factor 2, a direct indicator of the activity 

of the osteoblast, is expressed three times higher in B6 than that in congenics. 2) An important 

enzyme to the activity of osteoblast, catenin beta is expressed almost three folds higher in B6 

than in congenic. 3) Several genes playing important roles in the pathway of bone formation are 

expressed highly in B6, such as Ras related protein RAB-6, secreted phosphoprotein 1. 4) As the 

result, expressions of major collagen genes are higher in B6 than in congenic (Table 4). The 

high expression level of myosin light chain 2 reflects the co-effect of the high bone formation on 

muscle in the B6 mouse. 

Bone resorption in B6 is also higher than that in congenic (Table 5). The fibronectin 1, 

an important regulator and stimulate of the osteoclast, is highly expressed in B6. The negative 

regulators of the osteoclast, the SHP1, tyrosine phosphatase, Ras-binding protein SUR-8, 

cytochrome P450, and transforming growth factor beta binding protein 1 have a lower expression 

level in B6. These results indicated that the bone resorption activity in the B6 is higher than that 

in congenic mice. 



There is no significant difference at expression levels of major growth factors that 

regulate the bone formation between the two strains. Table 5 lists their expression ratio between 

B6 and congenic mice. Among them, transforming growth factor (TGF) beta is known as an 

important growth regulator and modulator in bone. Bone morphogenetic BMPs, members of 

TGF-beta superfamily, are known to regulate proliferation, differentiation, and apoptosis of 

osteoblasts during bone development. Insulin-like growth factor 1 (IGF1) and parathyroid 

hormone (PTH) receptor are also important regulator and stimulator of bone formation. Protein 

alkaline phosphatase (ALP) is a bone formation marker. 

Discussion 

Our data indicated that the high bone density in the congenic mice is a result of low bone 

turnover rate. Bone is a dynamistic tissue in which the bone formation and resorption are 

constantly conducted. Accumulation of the bone is a result of net income between the bone 

formation and resorption. Therefore, high bone density can be achieved by a higher rate of bone 

formation, lower rate of bone resorption, and low rate of bone turnover. In this study, we found 

that the expressions of important genes of bone formation in the B6 are higher than that of 

congenics. Particularly, the procollagen, type I, alpha 1, which is a clear indicator of the bone 

formation rate, expressed highly in B6 mice. We therefore conclude that the high bone density in 

the congenic mice is not gained through the high bone formation rate. When we examine the 

genes that regulate the bone resorption, we found the evidence indicating that the bone resorption 

in the congenic is lower than that in B6. Several bone resorption inhibitors are highly expressed 



in the congenic mice. An example is the (TGF-beta) binding protein, which binds the TGF and 

influence its availability in bone and other connective tissues, is two folders higher in the 

congenic than that in the B6. While the expression level of TGF-beta is similar between the 

congenic and B6 (Table 4). Accordingly, we propose that the higher bone density of the 

congenic mouse is obtained through the decreased bone turnover in which the bone resorption is 

actively regulated. The QTL gene trige the pathway that decreases the activity of the osteoclast 

(Figure 2). The lower activity of the osteoblast is a passive response to the decreased activity of 

the osteoclast. As the result, the net gain of the bone from this procedure is higher than a high 

bone turnover model. 

The gene expression profiles between B6 and congenic mice provide us important 

information for candidate gene search. Parallel to this study, we have already constructed a 

contig of the QTL peak region using BAC library. The contig is currently being sequenced by by 

the Advanced Center for Genome Technology at University of Oklahoma (ACGTUO). The 

information in this study will be very useful for us to analyze the genes from the genomic 

sequences of the contig. First, it allows us to focus on the genes that regulate the bone resorption. 

At present, we do not find any known gene to be particular interested candidate within the QTL 

region. This means that we will search a quite large number of candidates when the genomic 

sequence of the QTL region is available. With the information of microarray analysis, we will 

eliminate a large number of the genes from our priority list. By sequence comparison and 

analysis, we will first group the genes according to their possible function. Then we can 

eliminate growth factors that regulate bone formation, house keeping, and structure genes from 

list of candidates. Secondly, the level of expression of those genes in the microarray analysis that 

expressed differently between the B6 and congenic mice may be used as the molecular markers 



for the in vitro function study during our candidate gene screening. Thirdly, with more 

information in the future, we will be able to further establish a complete biopathway of the gene 

that regulates the bone turnover. 

Our data supports the theory that derived from human study that high bone turnover is a 

risk factor for spinal fracture and osteoporosis. In the mouse study to compare the bone density 

of 12 different strains, Beamer et al (1997) found that B6 has the lowest bone density, which 

may equivalent to the lower bone density population of humans, which have high risk to develop 

osteoporosis in the late stage of life. In order to address the importance of bone turnover in 

human population, Garnero et al. (1996) measured a battery of new sensitive and specific 

markers of bone turnover in a population-based study of 653 healthy women. They found that 

high bone turnover is associated with a greater rate of bone loss. In a study of rheumatoid 

arthritis (RA), Gough et al. (1998), reported that the osteoclastic activation, rather than 

suppression of bone formation, is the dominant process leading to bone loss in early RA. In the 

study of a group of 366 healthy, white postmenopausal women, aged 50-81 years, Ravn et al. 

(1997) found a strong association among high bone turnover, low bone mass, and prevalence of 

spinal fracture. 

Considering the similar difference between the B6/congenic mice and the low/high bone 

density human population, the B6 and congenic strains may be an ideal pair of mouse model to 

study the treatment of osteoporosis. Though more than 15 QTL loci of bone density have been 

identified using mouse model, the mechanism of these loci have not been described. To our 

knowledge, this is the first report on the molecular basis of the bone density of a particular QTL 

locus, which represents the difference between two normal population groups rather than a 

mutation or a deletion. Furthermore, there are several characters that make this pair to be a very 



useful one. The difference of bone density between the two strains is not dramatically but 

detectable. This situation is most common in human populations. The genetic background 

between the two strains is identical except the QTL locus. Therefore experimental error can be 

minimized. Because of the heterozygosity and the large environmental, the effects of drugs on 

treatment and prevent of osteoporosis using human population have been complicated. In 

addition, the rate of bone formation, resorption, and turnover can be precisely detected with 

known molecular markers from the microarray analysis. Considering all above, they may be 

ideal pair for drug testing. 

In spit of the important information provided from this study, we recognize that our study 

still has some limitation. 1). Though we analyzed more than 8000 genes in this study, they are 

sill a small portion of the total mouse genome. Our interpretation on the mechanism of the 

difference of bone density between these two strains is limited to the information from these 

genes. 2). Due to the expenses of the experiment, we only repeated once to confirm the 

expression of some important genes. 3). We also realized that difference between expression 

level of a gene is not correlated to activity and impact of function of a gene. Furthermore, some 

times, the transcription level may not represent the actual translation level of a gene. However, 

we only used the expression level as the measurement of activity, which may mislead us in some 

cases. 

In summary, we have analyzed the molecular bases of the high and low bone density 

between the B6 strain and the congenic strain that contains a QTL locus that cause the high bone 

density. The information of this study will be greatly helpful in the identification of candidate 

genes of high bone density and function study of candidate and other genes. 



Table 1. Phenotypic comparison between congenic and B6 at 4 months of age. 

Strain Body 
weight 
(g) 

Femur 
length 
(mm) 

Total 
density5 

(mg/.mm3) 

Cortical 
density3 

(mg/mm3) 

Periosteal 
circumfer- 
ence1' (mm) 

Endosteal 
circumfer- 
ence (mm) 

1 

t 

Congenic 
(13) 

20.7+0.5 15.5+0.1 0.536+0.007 0.657+0.006 4.841+0.041 2.751+0.033 

B6 
(15) 

21.8+0.8 15.4+0.2 0.496+0.006 0.631+0.004 4.580+0.116 2.671+0.074 

a=<0.05; b =<0.01 



Table 2. Variation of expression levels of genes and ESTs in the B6 

Full Name / # of genes Expression signal 
level* 

Positive control #1,4 replicates 1488-2041 

Positive control #2, 4 replicates 5555-8306 
Positive control #3, 4 replicates 39465-48791 
Negative control #1,8 replicates, 
0.2XSSC 

28-48 

Empty controls, 15 replicates 55-205 
Positive control #4, 24 replicates 13631-29590 
Mouse genes and ESTs:   2736 <800 
Mouse Genes and ESTs: 5998 >800 
Mouse Genes and ESTs: 407 >5000 
Mouse Genes and ESTs: 93 >10,000 

*The level of expression of a gene is measured by the relative intensity of the signal level read 
by the scanner for the Cy3 channel 



Table 3. Highly expressed genes detected from the femurs of the mice 

Signal 
level 

Gene names and Image # Expression in bone 

37381 procollagen, type I, alpha 1 {IMAGE:536306} Bone formation 

■ 33877 Mus musculus mRNA for N-acetylglucosamine-6-O- 
sulfotransferase, complete cds {IMAGE:920327} X 

32419 lactotransferrin {IMAGE:874383} Bone marrow 

29700 CD24a antigen {IMAGE:421150} bone marrow and liver 

28359 ESTs, Highly similar to HYPOTHETICAL 44.2 KD PROTEIN IN 
SC02-MRF1 INTERGENIC REGION [Saccharomyces cerevisiae] 
{IMAGE:524792} 

X 

27466 ESTs, Highly similar to MATERNAL EFFECT PROTEIN STAUFEN 
[Drosophila melanogaster] {IMAGE:533314} 

X 

26834 ESTs, Moderately similar to PTD017 [H.sapiens] {IMAGE:481469} X 

24486 hemoglobin alpha, adult chain 1 {IMAGE:571819} fetal liver, spleen, and bone 
marrow 

22923 H3 histone, family 3A {IMAGE:776614} X 

22792 nuclear receptor binding factor 1 {IMAGE:735186} Bone? 

21600 heparin cofactor II {IMAGE.693170} X 

21503 glyceraldehyde-3-phosphate dehydrogenase {IMAGE:579715} Bone 

20392 solute carrier family 4 (anion exchanger), member 1 
{IMAGE:422440} 

X 

19642 carbonic anhydrase 2 {IMAGE:579391} Osteoclast 

19615 tubulin alpha 4 {IMAGE:329726} bone marrow stromal cells 

19485 histocompatibility 2, L region {IMAGE:920425} Tcell 

19215 interferon gamma receptor {IMAGE:920516} Bone marrow 

18314 solute carrier family 4 (anion exchanger), member 1 
{IMAGE:407275} 

X 

17889 histocompatibility 2, L region {IMAGE:694651} bone marrow 

16708 secreted phosphoprotein 1 {IMAGE:571759} Bone 

16004 ESTs, Moderately similar to PHOSPHATIDYLINOSITOL [Homo 
sapiens] {IMAGE:761041} 

Osteoclast 

15396 S100 calcium binding protein A8 (calgranulin A) {IMAGE:669813} bone/teeth 

15338 eukaryotic translation elongation factor 1 alpha 1 {IMAGE:735225} X 

15169 ESTs, Highly similar to DRIM protein [H.sapiens] {IMAGE:616975} X 

14295 interferon dependent positive acting transcription factor 3 gamma 
{IMAGE:747655} 

bone resorption? 

14264 hemoglobin alpha, adult chain 1 {1MAGE:696858} bone marrow and fetal liver 

13781 aquaporin 1 {IMAGE:656654} X 

13709 ribosomal protein 13 {IMAGE:570533} 
* 

13270 glucose phosphate isomerase 1 complex {1MAGE:776210} X 

12963 Mus musculus mRNA for Zinc finger protein s11-6, complete cds 
(IMAGE:331386) 

Osteobalst 

12861 lipocalin 2 {IMAGE:493658} bone 

12601 Bel-associated death promoter {IMAGE:423721} X 

12549 peptidylprolyl isomerase A {IMAGE:920055} X 



12501 vesicle-associated membrane protein 3 {IMAGE:818971} 

12472 uncoupling protein 2, mitochondrial {IMAGE:748112} 

12419 CCAAT/enhancer binding protein (C/EBP), alpha {IMAGE:738252} 

12403 

12376 

12283 RAD21 homolog (S. pombe) {IMAGE:959708} 

12070 

12044 

11909 

11803 

11580 

11386 coproporphyrinogen oxidase {IMAGE:734795} 

11356 
11311 

11297 
11202 
11193 

11056 
11009 
10991 
10982 
10942 

10890 

10864 

10788 

ESTs, Weakly similar to /prediction {IMAGE:525168} 

myeloperoxidase {1MAGE:367693} 

Mus musculus endothelial monocyte-activating polypeptide I 
mRNA, complete cds {IMAGE:669969}  
beta-2 microglobulin {IMAGB572542} 
RAB11B, member RAS oncogene family {IMAGE:733701} 

hexokinase 1 {IMAGE318642} 
ADP-ribosylation factor 1 {IMAGE:720444} 

calponin 2 {IMAGE:695687} 
tubulin, beta 5 {IMAGE:333325} 

RNA binding motif protein 3 {IMAGE:467238} 
aminolevulinic acid synthase 2, erythroid {IMAGE:439199} 
myeloperoxidase {IMAGE:465816} 

enolase 3, beta muscle {IMAGE:316967} 
replication protein A2 {IMAGE:717102} 
ATPase-like vacuolar proton channel {IMAGE:776055} 
neuroblastoma ras oncogene {IMAGE:333030} 
cathelin-like protein {IMAGE:334755} 

Mus musculus heterogenous nuclear ribonucleoprotein A2/B1 
(hnRNP A2/B1) mRNA, complete cds {IMAGE:315740} 
ESTs, Highly similar to SUCCINATE DEHYDROGENASE [Homo 
sapiens] {IMAGE:776319} 

Osteoblast 

hematopoietic cells, Bone 
marrow 

osteoblast 

bone 
bone 

X 
X 

muscle 
Bone marrow bone marrow, 
spleen, developing liver and 

lung  

myeloid cells 

muscle? 

osteoclast 

host defense and wound 
repair  

10738 

10587 

10503 

10451 

10268 

10247 

10206 

10032 

ESTs, Highly similar to ARP2/3 COMPLEX 16 KD SUBUNIT 
[H.sapiens] {IMAGE:355211} 
Mus musculus mRNA for cathepsin Z precursor (ctsZ gene) 
{IMAGE:330668} 
thioredoxin peroxidase 1 {IMAGE:579867} 
Mus musculus mRNA for synaptotagmin XI, complete cds 
{IMAGB752465} 
Mus musculus myosin light chain 2 mRNA, complete cds 
{IMAGE:466382} 
Mus musculus Btk locus, alpha-D-galactosidase A (Ags), ribosomal 
protein (L44L), and Bruton's tyrosine kinase (Btk) genes, complete 
cds {IMAGE:437469}  
calpactin I heavy chain {IMAGE:420429} 
Mus musculus mRNA for heterogeneous nuclear ribonucleoprotein 
H{IMAGE:426163} 
ESTs, Moderately similar to CHLORINE CHANNEL PROTEIN P64 
[Bos taurus] {IMAGE:317868}      

X 

muscle 

Bcell 



Table 4. Known genes differently expressed between B6 and congenic mice 

Name Expression 
ratio 
B6/congenic* 
(14 weeks) 

Expression 
ratio 
B6/congeni 
c*(6 weeks) 

Possible function in bone 
formatoin/resorption 

EST, Moderately similar to 
putative pheromone receptor 

-2.1 -4.4 expression in the vomeronasal 
epithelium cells 
related to the Ca2+-sensing 
receptor 
mediates an adaptive response to 
pheromone 
olfactory epithelium (MOE) and 
the vomeronasal organ (VNO). 

cytochrome P450, 2j6 -2.1 -1.6 involved in the oxidation of fatty 
acids (Ma et al., 1998) 

ESTs, Highly similar to 
CYTOCHROME P450 IVF3 

-2.2 -2.7 Cytochrome P-450 inhibition 
blocks bone resorption in vitro 
and in vivo. 
Otolaryngol 

cytochrome P450, 2b19 
{IMAGE:473877} 

-1.8 -2.3 125 vitamin D biosynthesis 
(Miller& Portale, 1999) 

cytochrome P450, steroid 
inducible 3a11 {IMAGE:748318} 

-1.8 -4.1 elevated l,25(OH)2D levels, 
acting through the vitamin D 
receptor, were responsible for 
the observed accumulation of 
osteoid 
(St-Arnaud et al., 2000) 

ESTs, Moderately similar to 
HYPOTHETICAL 97.6 KD 
PROTEIN IN SHP1-SEC17 
INTERGENIC REGION 

-2.6 -2.0 Cytokine signaling SHPI up, 
TNF alpha down. 

tumor necrosis factor (ligand), 
Superfamily 13b 
{IMAGE:803594} 

-2.1 -1.9 Non soluble 
(B-cell activating factor) 

ESTs, Moderately similar to 
ZINC FINGER PROTEIN 

-2.4 -2.1 to prevent the expression of 
neuronal genes in non-neuronal 
cell types or in inappropriate 
neuronal subtypes 

Mus musculus mRNA for Zinc 
finger protein s11-6, complete 
cds {IMAGE:722568} 

-1.9 -1.7 

ESTs, Weakly similar to LATENT 
TRANSFORMING GROWTH 
FACTOR BETA BINDING 

-3.9 -2.6 bind latent transforming growth 
factor beta (TGF-beta) and 
influence its availability in bone 



PROTEIN 1 PRECURSOR 
[Rattus norvegicus] 
{IMAGE:424525} 

and other connective tissues. 

ESTs, Weakly similar to Ras- 
binding protein SUR-8 
[M.musculus] {IMAGE681010} 

-2.1 -1.7 enhances MAP kinase activation 
and forms a complex with Ras 
andRaf. 
activity by Ras(DN) 
overexpression rapidly induced 
the apoptosis of osteoclast-like 
cells (OCLs) formed in vitro 

mitogen activated protein kinase 
kinase 7 {IMAGE:750360} 

-2.1 -2.3 Many of the biological activities 
of FGF-2 have been found to 
depend on its receptor's intrinsic 
tyrosine kinase activity and 
second messengers such as the 
mitogen activated protein 
kinases 

hyaluronan mediated motility 
receptor (RHAMM) 
{IMAGE:424197} 

-2.6 -2.0 to play a fundamental role in 
locomotion of ras-transformed 
cells as well as functioning in 
signal transduction 

role for RHAMM in malignant 
invasion and metastatic growth 

immunity-associated protein, 38 
kDa{IMAGE:748015} 

-3.0 -2.6 - 

ESTs, Moderately similar to 
betaine homocysteine methyl 
transferase [M.musculus] 

-2.8 -2.5 catalyzes the second pathway in 
methionine and S- 
adenosylmethionine 
(SAM) biosynthesis 

ESTs, Moderately similar to CGI- 
83 protein [H.sapiens] 
{IMAGE:777403} 

-3.1 -2.8 The balance between free CGI 
and that bound to Tamm- 
Horsfall protein may be 
important in the overall balance 
of urinary macromolecules that 
affect calcium oxalate 
nephrolithiasis. 

ESTs, Weakly similar to 
envelope polyprotein 
[M.musculus] {IMAGE:621991} 

-3.1 -2.1 

Murine (DBA/2) mRNA fragment 
for gag related peptide 
{IMAGE:717197} 

-2.7 -2.8 component of palate 
[Foreman et al., 1991) 

sulfotransferase, hydroxysteroid 
preferring 2 {IMAGE:748540} 

-3.7 -2.5 specific on nonpeptide 
hormones such as estogen, 
corticoid. 

transcription termination factor 1   . 
{IMAGE:442415} 

-2.9 -2.4 Involving VD3 pathway? 



(Haussler et aL, 1997) 

C-reactive protein, petaxin 
related 

-2.3 -2.7 - 

protein phosphatase, EF hand 
calcium-binding domain 2 
{IMAGE482001} 

-1.9 -2.1 May related to reduction of 
bone formation (Goad et al., 
1992) 

coproporphyrinogen oxidase 
{IMAGE:570602} 

-1.8 -2.2 the sixth enzyme in the 
biosynthetic heme pathway 

coproporphyrinogen oxidase 
{IMAGE:419503} 

-1.9 -2.1 
" 

solute carrier family 27 (fatty acid 
transporter), member 1 
{IMAGE:482059} 

-1.8 -1.9 

carbonic anhydrase 5, 
mitochondrial {IMAGE:464556} 

-1.8 -1.8 

proteolipid protein (myelin) 
{IMAGE:426510} 

-1.9 -1.9 

fibronectin 1 {IMAGE:597005} L8 L8 fimbria-stimulated bone 
resorption is inhibited by human 
fibronectin 

protein tyrosine phosphatase, 
receptor type, C 
{IMAG&639168} 

L9 L9 regulates osteoclast formation 
and function 

ESTs, Highly similar to RAS- 
RELATED PROTEIN RAB-6 
[Homo sapiens] {IMAGE:466099} 

L9 21 involvement of Ras/Raf/AP-1 in 
the BMP-4 signaling pathway. 

DEAD (aspartate-glutamate- 
alanine-aspartate) box 
polypeptide 5 {IMAGE:680475} 

2J0 L7 

eukaryotic translation elongation 
factor 1 alpha 1 {IMAGE:735225} 

2J0 23 - 

metallothionein 2 
{IMAGE:643725} 

20 L2 - 

capping protein alpha 1 
{IMAGE:779754} 

2,0 23 binds to the barbed ends of actin 
filaments in vitro and controls 
actin assembly and cell motility 
in vivo 
(Hart et al., 1997) 

pyruvate dehydrogenase 
Elalpha subunit 
{IMAGE:820409} 

10 23 Defects in the pyruvate 
dehydrogenase (PDH) complex 
are an important cause of 
primary lactic acidosis 
[Lissens et al, 2000) 

ESTs, Highly similar to 
MATERNAL PUMILIO PROTEIN 
[Drosophila melanogaster] 
{IMAGE:803681} 

zo L6 

ESTs, Moderately similar to tpr 2.1 1.7 nuclear pore complex 



protein [H.sapiens] 
{IMAGE:789711} 

associated 

ESTs, Highly similar to 
FRUCTOSE-1,6- 
BISPHOSPHATASE 

2A L5 glycolysis and gluconeogenesis 

Mus musculus myosin light chain 
2 mRNA, complete cds 
{IMAGE:466382} 

23 3J) expression of the cardiac myosin 
light chain 2 (MLC2) gene is 
repressed in skeletal muscle as a 
result of the negative regulation 

catenin beta +2.2 +2.9 Important to actitivity of 
osteoblast 

osteoblast specific factor 2 +2.9 +2.7 associated with the bone 
extracellular matrix after 
secretion by osteoblasts and 
participate in cell adhesion 
and/or cell communication 

procollagen, type I, alpha 1 +3.1 +1.6 Bone formation 
procollagen, type V +2.5 +1.8 - 
procollagen, type XI +2.4 +1.7 stablize cartilage fibrils 
procollagen, type III +2.2 +1.8 - 
secreted phosphoprotein 1 +2.2 +2.0 osteopontin 

Bone formation marker 

* "+" = the expression level of B6 > congenic, "-"  = expression level of B6 <congenic. 
** This is the third highest value of differences between B6 and congenics among all tested genes and 
ESTs. ANOVA analysis B6 vs Congenic: P = 0.949757012 



Table 5. Express of bone related genes between B6 and congenic mice. 

Name Expression ratio 
B6/congenic* 

Expression ratio 
B6/congenic* 

bone morphogenetic protein 5 {IMAGE:737934} -1.1 -1.0 
parathyroid hormone receptor {1MAGE:467172} 1.1 1.3 

transformation related protein 53 
{IMAGE:464741} 

U U 

alkaline phosphatase 2, liver{IMAGE:465052} 1.1 1.1 
alkaline phosphatase 2, liver {IMAGE:535409} -1.1 1.4 
transformation related protein 53 
{IMAGE:464741} 

L2 -1.3 

ATPase, Ca++ transporting, cardiac muscle, slow 
twitch 2 {IMAGE:695695} 

L3 L6 

CBFA2T3 identified gene homolog (human) 
{IMAGE:439477} 

-1.1 -1.1 

ESTs, Highly similar to PROBABLE CALCIUM- 
BINDING PROTEIN PMP41 [Mus musculus] 
{IMAGE:572282} 

13 L2 

ESTs, Highly similar to 100 kDa thyroid hormone 
receptor associated protein [M.musculus] 
{IMAGE:577821} 

JL2 L2 

ESTs, Weakly similar to RAS-LIKE PROTEIN 2 
[Rhizomucor racemosus] {IMAGE:573845} 

U L0 

ESTs, Highly similar to thyroid hormone receptor- 
associated protein complex component TRAP 150 
[H.sapiens] {IMAGE:670557} 

U 12 

c-src tyrosine kinase {IMAGE:420269} U 12 



Figure legends: 

Fig. 1. Distribution of the genes that are expression at different level. Each triangle and square 

represent one gene or EST. Triangles represent the genes or ESTs of congenic mice while 

squares represent genes and ESTs of B6 mice. The label on the left is the relative light 

absorption level; Label on the bottom is the number of genes and ESTs at that level. 

Fig. 2. Schematic representation of the sequential pathway in the congenic mice during the bone 

development. 



Figure 1. Signal comparison between B6 and congenic mice 
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Gene in 
QTL locus 

1 
Increased Inhibitors of osteoclast activity: 

cytochrome P450 
TGF ß binding protein 1 

Ras-binding protein SUR-8 

T 
Decreased 
Osteoclast 
activity 

Decreased 
Osteoblast 
activity 

I 
Increased bone 
density 

Figure 2. Model of mechanism of the high bone density in the congenic strain. 
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Abstract. One QTL and several mutation loci have been localized in the region between 

92 cM and 95 cM of mouse chromosome 1. The QTL locus contributes to approximately 

40 % of the variation of the peak bone density between C57BL/6J (B6) and CAST/EiJ 

(CAST) strains. Other loci located in this chromosomal region include a neural tube 

defect mutant loop-tail (Lp), a lymphocyte-stimulating determinant (Lsd), and the 

Transgelen 2(TAGLN 2). The human chromosome region that is homologous to this 

region is lq21-23, which also contains a QTL locus for high bone mineral density 

(BMD). Furthermore, it has been reported that this region may have duplicated several 

times in the mouse genome. Therefore, genomic sequencing of this region will provide 

important information for mouse genome structure, for positional cloning of mouse 

genes, and for the study of syntenic human genes. In order to provide a suitable template 

for genomic sequencing by the NIH sponsored genomic centers, we have constructed a 

BAC contig of this region with the RPCI-23 library. We have also identified the currently 

available mouse genomic sequences that are localized onto the BAC clones of the contig. 

Further analysis of these sequences and BAC clones indicated that there is a high 

frequency of repetitive sequences among these BAC clones. This region also contains LI 

retrotrasposon sequences, providing a potential mechanism for the repetitive sequences 

described in the literature. 



Introduction 

Genomic sequencing of the whole mouse genome is the next goal of national and 

international genome centers. In terms of the priority for sequencing the mouse genome, 

sequencing biologically significant regions has received considerable priority. The 

biologically significant region of a chromosome is defined as a region that contains 

clusters of genetic loci responsible for clinical diseases or phenotypes of interest. One 

such region of interest is chromosome 1 between 92-95 cM, for the reasons mentioned 

below. 

First, several important loci have been mapped on this region of the chromosome 

(www.rodentia.com/wmc/index.html). The neural tube defect mutant loop-tail (Lp), 

which is a semidominant mouse gene that, in homozygous mutants, causes the severe 

neural tube defect (NTD) phenotype, cranio-rachischisis. Linkage analysis in a large 

intraspecific backcross mapped the Lp locus to 93.7 cM on mouse chromosome 1 

(Eddieston et al., 1999). LSD, a new lymphocyte-stimulating determinant (Lsd) 

controlled by a single gene, is located on the 93.1 cM on chromosome 1 

(www.rodentia.com/wmc/index.html). Transgelen 2 (TAGLN2) is one of the earliest 

markers of differentiated smooth muscle, being expressed exclusively in the smooth 

muscle cells of adult tissues and transiently in embryonic skeletal and cardiac tissues. It 

has been reported that the TAGLN2 is linked to Fcgr2, which is located at the 92.3cM of 

the mouse chromosome l(Stanier et al., 1998). Furthermore, a bone mineral density 

(BMD) QTL has recently been mapped to this region (Beamer et al., 1999). This QTL 

locus is one of the 6 QTL loci identified using a F2 population from C57BL/6J (B6) X 



CAST/EiJ (CAST) intercross matings. The chromosome 1 BMD QTL has been shown to 

account for the largest proportion of genetic variance between the BMD of the two strains 

(Beamer et al., 1999). Second, this region is homologous to the region of human lq21- 

q23, to which several homologous genes and loci have been mapped 

(www.ncbi.nlm.nih.gov/Homology). Incidentally, a QTL locus for bone density has also 

been located on the human lq21-23 region (Koller et al., 1999), suggesting the possibility 

of homologous genes between human and mice. Third, it has been reported that this 

region of the mouse chromosome has been duplicated several times during evolution 

(Lundin 1993; Katsanis et al., 1996). Finally, genomic information will be important for 

the analysis of chromosomal structure of the mouse genome. Based on these features, it 

is obvious that the availability of genomic sequences of this region should facilitate 

positional cloning of important genes that are relevant to clinical diseases of interest. 

The genomic sequencing of a chromosomal region requires construction of a 

contig from a high quality BAC library. In this region, two contigs have been previously 

constructed for the physical mapping of the LP locus (Eddieston et al., 1999; Underbill et 

al., 1999). One contig was constructed using the yeast artificial chromosome (YAC). The 

other covered a smaller (700kb) region within the YAC contig and was constructed using 

both YAC and bacterial artificial chromosome (BAC). However, these two contigs were 

constructed mainly using YAC clones, which are not suitable for sequencing. Our first 

goal in this study was to construct a sequencing-ready BAC contig covering the 92-95 

cM region on mouse chromosome 1 using the RPCI-23 library, which has been 

designated for mouse genome sequencing. Our second goal was to analyze the genetic 

components within the BAC clones of the contig using available genomic sequences in 



the GenBank. 

Materials and Methods 

Probes. Probes are mainly collected from three sources: publications (Eddieston et al., 

1999; Underhill et al., 1999), The mouse genome database for molecular markers and 

probes (www.rodentia.com/wmc/index.html), current available mouse genome sequences 

for new probes (www.ncbi.mm.mh.gov/genome/seq/MmHome.html). A total of 80 

probes (Table 1), including genes, Ests, STS markers, and microsatellite markers were 

used in our screening. Probes were amplified by PCR or RT-PCR. The amplified 

products then were used as templates for 32P labeling of the probes. 

BAC library screening. We used the RPCI-23 mouse BAC library from Roswell Park 

Cancer Institute (RPCI) for our contig construction. It was made from the kidney and 

brain genomic DNA of the female B6 mouse. We first screened the high-density filters 

with pooled probes. We then constructed secondary filters with positive clones and 

conducted secondary screening with individual probes. Clones finally were connected to 

each other with the hybridization information. 

For hybridization of high-density filters of the BAC library using pooled probes, 

we followed the procedure provided by RPCI (www.chori.org/bacpac). The purified PCR 

products then were labeled with 32P. Pooled probes between 10 and 20 were used to 

hybridize the high-density filters at 65 °C over night. Filters then were exposed at 

different time points (1-5 days) to ensure the proper background, such that the positive 

clones and the corresponding grids could be clearly read. In case too many clones were 



positive, positive clones were divided into strong, medium, and weakly positive groups. 

A portion of clones from each group was initially used for the next experiment. 

Selected positive clones were then used to make secondary filters. Clones were 

picked up from the library and grown on LB medium over night. A 384-well pin tool 

was used to transfer the selected clones on new Nylon membrane filters. The new filters 

were then hybridized using individual probes. Finally, the positive clones for each probe 

were identified. 

Connection ofcontig. Clones that were hybridized by more than one probe or were 

amplified by more than one marker were used to construct the contig. Clones containing 

the same probes or markers were considered to contain the same sequences at or around 

the marker/probe. Accordingly, if two clones contained at least one identical 

marker/probe as well as other different markers/probes, they were considered to be 

neighboring clones with overlapping sequences. Eventually, a contig was constructed 

with the overlapping markers/probes among all the neighboring clones. 

GenBank searching ofgenomic sequences. To search for possible genomic sequences in 

the BMD QTL region, especially within the B AC contig, we conducted a limited search 

through the Genebank. We did our search through the Entrez at the websit of National 

Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/Entrez/). 

We searched the nucloetide database using the key words: lq21, lq22, lq23, lq21-22, 

lq21-23, and "Mus museums and chromosome 1, limited to genomic DNA/RNA", and 

excluded "ESTs/STSs". The list of all accession numbers from this search then were 



examined and the accessions that contained mouse genomic sequences were further 

analyzed. 

Localization of genomic sequences on BAC clones. Primers were designed from the 

selected mouse genomic sequences from mouse chromosome 1. The primers then were 

used for two experiments: 1) to amplify PCR products to hybridize the BAC library. 2) 

to conduct PCR amplification using the BAC clones as templates and the mouse genomic 

DNA as positive control. 

BLAST searching of genomic sequences. After we located the known genomic sequences 

from GenBank on to BAC clones within the contig, we conducted a BLAST search 

(www.ncbi.nlm.nih.gov/BLAST) to identify similar/repetitive sequences and possible 

genes within the sequences. DNA sequences of each accession were divided into 

fragments of 500-800 bp. Each fragment then was deposited into GenBank for the Basic 

BLAST search. We first eliminated some sequences by discarding retrieved sequences 

that had a similarity score of less than 100. At this level, the identity of the sequences 

between the retrieved and the input sequence is usually less than 40 percent, and the 

length of the sequence is less than 100 nucleotides. The sequences with higher similarity 

scores were further examined for their identity as cDNA or genomic DNA. If the 

sequence from the BAC clones matched a cDNA sequence in the GenBank, the sequence 

was considered as a possible coding region/gene. If a sequence matched an intron region 

or a non-coding repetitive element, it was considered a non-coding region. 



Contamination detection test. Contamination of BAC clones was suspected when one 

pair of primers amplified from multiple BAC clones. In case we found that one pair of 

primers amplified the same PCR product from a large number of BAC clones, an 

experiment was done to rule out the problem of contamination among these clones. Six 

BAC clones were used for this experiment. Each clone was spread on a LB plate and 

grown overnight at 37 °C. Five individual colonies from each plate were taken for PCR 

amplification with the same pair of primers under identical conditions. Three pairs of 

primers were used for PCR with each of the five colonies from each of the six BAC 

clones. Only when all of the colonies of five BAC clones amplified the same product 

with the same pair of primers was the clone considered not to be contaminated. 

Results 

BAC contig. Seven hundred positive clones were identified from the total library in the 

initial screening using pooled probes, which were subsequently grown to make secondary 

filters. The secondary filters were hybridized with individual probes. By examining the 

overlapping markers in the neighboring clones, we selected 37 BAC clones for further 

analyses. These BAC clones were then subjected to PCR amplification with the original 

probes and microsatellite markers. Figure 1 shows the positive clones that contained 

probes, which included 14 known genes, 6 ESTs, 4 microsatellite and 14 STS markers, 

for the QTL region of interest in mouse chromosome 1. In general, the order of the 

markers in this contig agrees with previous publications with few exceptions, such as 

ESTM36 and B17, which differ from that of Eddieston et al. and Underhill et al., 

respectively. The availability of genomic sequences would help us to clarify this 



inconsistency. 

Comprehensive physical map of the QTL region. A BAC contig that covers a 3 cM 

genome distance was constructed with 33 overlapping BAC clones as shown in figure 2. 

From the positions of microsatellite markers, Dlmitl 12 and Dlmit354, we estimated that 

the contig covers a region from 92 to 95 cM of the mouse chromosome 1. 

BAC clones within the contig are currently being sequenced at the Advanced 

Center for Genome Technology at University of Oklahoma (ACGTUO). The result of 

these sequences can be obtained through the web page /www.genome.ou.edu/. Because 

the contig is being sequenced, sizes of the BAC clones were not further analyzed. 

Genomic sequences of mouse chromosome 1 identified from GenBank. We searched the 

GenBank for mouse genomic sequences that are located in the contig and found a total of 

11 unique accessions that contain the mouse genome sequences of chromosome 1 (Table 

2). Four accessions, AC005992, AC007049, AC006944, AC008100, are from the mouse 

chromosome region that is syntenic to the human chromosome lq21-23 region. Another 

seven accessions were labeled as they were from chromosome 1, but positions on the 

chromosome are not given. They are also labeled as a currently "working draft" 

sequence, each containing several unordered sequences. Further analysis of these seven 

accessions indicated that they were not located in the contig region (data not shown). 

Among the four accessions that are homologous to the human lq21-23 region, 

AC008100 is characterized as a "working draft" sequence. We conducted a BLAST 

search using 5 DNA fragments of about 700 bp that were randomly taken from the 



Accession AC008100. To our surprise, all five fragments matched the sequences in 

accession AC006944, demonstrating 98-100% sequence identity. In addition, two of 

these fragments also matched both AC005992 and AC007049. These results suggest that 

at least a large portion, if not all, of the accession AC008100 contains the sequences 

either overlapping or sharing sequence similarity with the other three accessions in the 

lq21-23 region. Further comparison of the genomic sequences of the other three 

accessions in the lq21-23 region revealed that some sequences overlapped each other. In 

particular, comparison with the program "BLAST TWO SEQUENCES" 

(www.ncbi.nlm.nih.gov/gorf/bl2.html) indicated that the AC005992 (151218 bp) contains 

the entire sequences of AC007049 (85931 bp) and two other unconnected pieces of 

genomic sequences. 

In an effort to determine if any of these accessions are located in our contig, 

primers were designed from these sequences to amplify PCR products from BAC clones 

of the contig. Primers (BESQ3, 5,7) from AC005992, AC006944, and AC007049 

amplified PCR products of the expected size from the same BAC clone, 123-30, which is 

at one end of the contig (Figure 1). Blast searching of sequences of AC007049 indicated 

that it contained the cluster of museums interferon activated genes, which have been 

mapped to 95.2 cM according to the MGD database. 

Repetitive sequences within the known genomic sequences. Initially, we used the 

accession AC007049 as the representative sequence of the three overlapping sequences, 

AC007049, AC006944 and AC005992, to conduct a BLAST search in GenBank. During 

the search of the similar sequences in GenBank, we found that AC007049 contains a 
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large number of repetitive sequences. Within the total of 85931 bp of this accession, we 

found that, in addition to other repetitive sequences, it contains seven regions of 

sequences, each of which matched at least one LI retrotransposon sequence. 

Furthermore, unlike other genomic sequences, the sizes of these repetitive regions are 

large (2-3 kb). Between these LI retrotransposon sequences are clusters of interferon 

activated genes. More importantly, in a detailed search, we found that sequences from 

26321 to 32180 in AC005992 contains the entire sequences of the LI element except the 

non coding sequences at 5' end. 

LI retrotransposon sequence within the contig. In order to determine if any of the other 

BAC clones within the contig contain LI retrotransposon, we designed a pair of primers 

(BEQS 7) within the LI retrotransposon sequence of AC007049 and conducted PCR with 

all the clones in the contig. We found that 16 out of the total 37 clones (Figure 1) 

produced the DNA fragment of expected size, indicating that these clones contain the 

same repetitive sequences (Figure 1). 

Other repetitive sequences reside within the contig. In addition to the LI retrotransposon 

sequences within the contig, we also found duplications of other non-repetitive sequences 

within the contig. During the construction of the contig, we found that three primer pairs, 

b2, CD51, and EST38, amplified the expected PCR products from a large number of 

BAC clones within the contig (Figure 1). The b2 primers are from the end sequence of a 

clone previously described by Underbill et al. (1999). Primers for CD51 and EST38 were 

designed according to Eddieston et al. (1999), both of which are outside of the contig. 
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All of these primers are different from known repetitive sequences. However, their 

distribution among the BAC clones is not random. They are either within the clones 

which contain the LI retrotransposon or within the same clones that other repetitive 

sequences are in (Figure 1). In order to rule out the possibility of contamination among 

these clones, we conducted a PCR test as described in the Material and Methods section. 

In the test, five individual colonies from each of six BAC clones were randomly picked 

as templates in the PCR amplification. Each colony was used in the PCR with each of 

three pairs of primers. In this case, if the BAC clones were contaminated, there would be 

some contaminated and some non-contaminated colonies among all the 30 colonies 

derived from the original 6 clones. PCR products of the contaminated and non- 

contaminated colonies will give the different PCR products. However, our result showed 

that every individual colony in this study amplified the same expected fragment. We 

therefore speculated that these BAC clones contain repetitive sequences that might exist 

only within this region. 

Discussion 

The contig that we have constructed provides a template that is suitable for mouse 

genome sequencing. The contig covers a similar region of the YAC contig reported by 

Eddieston et al., (1999), which is larger than that of Underhill et al., (1999). Because this 

contig is constructed completely using the RPCI-23 mouse BAC library, which has been 

chosen as the template for the NIH mouse genome project, it provides a suitable template 

for mouse genome sequencing. The future availability of genomic sequence information 
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of this contig will facilitate candidate gene searches by various approaches. 

The sequencing information from this contig will also be useful in identifying the 

syntenic gene for humans. A QTL locus for high bone density in humans is also located 

on the lq21-23 region. Considering the syntenic relationship between the human and 

mouse genome and the location of the QTL loci in this region from both human and 

mouse studies, it is possible that the same gene causes high bone density in both humans 

and in mice. Therefore, if a QTL gene is identified from the mouse that is responsible for 

high bone density, the syntenic human gene is likely to have the same function, and vice 

versa. 

This contig also provides the mouse sequences for detailed comparison between 

the human and mouse genome. In general, the major portion of this region of the mouse 

is assigned to the human lq21-23, such as the QTL locus for bone density. However, the 

order of some genes along the chromosome is different between humans and mouse 

(www.ncbi.nlm.nih.gov/Homology). Furthermore, at least 8 genes within the human 

lq21-23 are located on mouse chromosome 3. The detailed comparison of DNA 

structure between human and mouse chromosomes can be obtained when the mouse 

genomic sequences of this region are available. 

The detection of large pieces of LI retrotransposon sequences from this region 

raises several interesting issues. First, according to the current published information on 

the human genome, it can be predicted that the more repetitive sequences there are, the 

fewer genes that will be located in the corresponding region of the chromosome. In this 

regard, our data agree with the previous reports that this is a gene-poor region 
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(Kingsmore et al., 1989; Oakey et al., 1992; Eddieston et al., 1999). Secondly, like the 

human lq21-23 region, it has been reported that genes and fragments of this region of 

mouse chromosome 1 have been duplicated in some of the other chromosomes (Lundin 

LG, 1993; Katsanis et al., 1996; Stanier et al., 1998). Because the large pieces of LI 

retrotransposons, particularly an entire LI element, was found in this region, we 

speculate that the duplication of this region in the other chromosomes of the mouse 

genome is due to the activity of the retrotransposons (Kazazian, 2000). In addition, it is 

also possible that the retrotransposons may cause mutations in this region (Kingsmore et 

al., 1994). 

Analysis of human genomic sequences reveals that LI repetitive sequences are a 

common component of human genome. In general, most of the LI retrotranspons have 

tunacked 5' end and therefore have lost their translocational activity. However, there are 

several reports indicating that some of retrotransposons are actually actively expressed 

and regulate other genes (Kingsmore et al., 1994; Casteels et al., 1995; Moran et al., 

1996; Sassaman et al., 1997; Palmer et al., 1998). Particularly, Sassaman et al. found 

that two human LI elements (LI.2 and LRE2) could act as retrotransposons in cultured 

mammalian cells. Kingsmore et al. (1994) reported that the Glycine receptor beta- 

subunit {Glrb) gene mutation in the spastic mouse is associated with a LINE-1 element 

insertion. It has been reported that the activity of the LI element in vitro is correlated to 

the size of the elements (Farley et al., 2000). Because we found an entire LI sequence 

within the AC005992, it is possible that the LI element in this region may still be active. 

Consistent with this idea is the finding that the AC007949 and AC005992 contains a 

cluster of museums interferon activated genes with retrotransposons that are located in 
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between these genes. These findings raise the possibility that the duplications of the 

interferon genes were caused by the activity of retrotransposons. In addition, we found 

that some sequences have been repeated among these BAC clones (PCR amplification 

with primers from b2, CD51, and EST38), but these sequences are not the part of the 

known repetitive elements, indicating that they are repeated only within this 

chromosomal region. Furthermore, the above repetitive sequences were found to be 

present in most of the clones that also contained LI retrotransposons (Figure 1). This 

suggests that the repetitive sequences could have moved together with the LI 

retrotransposons.   Further studies are needed to evaluate if retrotransposons is the cause 

for duplication and/or the mutation of this region. 

In conclusion, we have constructed a contig that covers several important genetic 

loci on mouse chromosome 1. The future availability of genomic sequence information of 

this contig will facilitate the work in candidate gene search of genetic loci within this 

region and analysis of the genome structure of the mouse. In addition, we analyzed 

genetic information of BAC clones of the contig, particularly, the LI retrotransposon 

sequences within the BACs. Our study provides preliminary but important evidence on 

the potential mechanism of the mutation/polymorphism and duplication of this region in 

the mouse genome. Further study of the organization and the number of these repetitive 

sequences in this region will help us to examine in detail the effect of LI retrotransposon 

sequences on the expression and function of the mouse genes. 
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Table 1. Probes for contig construction 

Marker 

MilT454~' ' 
MIT112 
MIT111 
MIT356 
MIT354 
MIT114 
Fcerg 
APOa 
Cd48 
Ly9 
Nhlhl 
Atpla2 

Crp 

Olfr16 
Sap 
FceMa 
Spnal 
D1Sta01 
D1Sta02 
D1Sta03 
D1Sta04 
D1Sta06 

D1Sta07 
D1Sta08 
D1Sta09 
D1Sta10 
D1Sta13 
Pea15 

KenjIO 

Kenj9 

Pxf-F 

D1Ucla4 
ESTM33 

Copa 

ESTM32 

Type/ Name 

microsatellite marker 
microsatellite marker 
microsatellite marker 
microsatellite marker 
microsatellite marker 
microsatellite marker 
Fc receptor IgE gamma 
apolipoprotein A1 
CD48 antigen 
Lymphocyte Antigen 9 
nescient helix loop helix 1 
ATPase Na+/K+ transporting alpha-1 
polypeptide 
C-reactive protein pretaxin related 

Olfactory receptor 16 
Serum Amuloid P-component 
Fc Receptor IgE- gamma 
Alpha spectrin 1 erythroid 
DNA Segment 
DNA Segment 
DNA Segment 
DNA Segment 
DNA Segment 

DNA Segment 
DNA Segment 
DNA Segment 
DNA Segment 
DNA Segment 
Phosphoprotein enriched in astrocytes 
15 
potassium inwardly-rectifying channel, 
subfamily J, member 10 

potassium inwardly-rectifying channel, 
subfamily J, member 9 
peroxisomal farnesylated protein 

DNA Segment 
Expressed Sequence Tagged Mouse 
Sequences (EST) 
coatomer protein complex subunit 
alpha 

EST 

Sources/References 

www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
Eddieston et al., 1999 
Eddieston et al., 1999 
Eddieston et al., 1999 
Eddieston et al., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 

Eddlestonetal., 1999 

Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 

www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
Eddlestonetal., 1999 

Eddlestonetal., 1999 

Eddlestonetal., 1999 

Eddlestonetal., 1999 

www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 

Eddlestonetal., 1999 

www. odentia.com/wmc/index.html 
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ESTM30 
Usf1 
ESTM28 
ESTM29 
ESTM34 
Tagln2 
ESTM35 
U-PS 
ESTM44 
ESTM43 
ESTM41 
ESTM42 
ESTM40 
ESTM38 
Cd51 
ESTM36 
ESTM37 
PLKr 
Amt 

ESTM46 
B1 
B2 
B3 
B15 
B16 
B17 
B18 
B19 
B9 
B25 
B20 
B25 
bseq9 
bseq5 
bseq6 
bseq7 
bseq3 
bseq4 
bseq2 
Tyrol 0 

Dty 
NMrk 
Care2 
MPZ 
Rxrg-R 

EST 
Upstream transcription factor 1 
EST 
EST 
EST 
Transgelin octoplacental cone 
EST 
Hydroxymethylbilane synthase 
EST 
EST 
EST 
EST 
EST 
EST 
CD5 antigen-like 
EST 
EST 
Pyruvate kinase liver 
aryl hydrocarbon receptor nuclear 
translocator 
EST 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
STS genomic sequence 
BAC sequence 
BAC sequence 
BAC sequence 
BAC sequence 
BAC sequence 
BAC sequence 
BAC sequence 
(Ntrkr3) neurotrophic tyrosine kinase 
receptor 3 related 
Duffy (promiscuous chemokine recrptor 
non-MHC restricted killing associated 
marker 
Peripheral myelin protein 
retinoid X receptor gamma  

www. odentia.com/wmc/index.html 
Eddlestonetal., 1999 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
Eddlestonetal., 1999 
www. odentia.com/wmc/index.html 
Eddlestonetal., 1999. 
Eddlestonetal., 1999 
www. odentia.com/wmc/index.html 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
www. odentia.com/wmc/index.html 
www. odentia.com/wmc/index.html 
Eddlestonetal., 1999 
Eddlestonetal., 1999 

Eddlestonetal.. 1999 
Underbill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
Underhill et al. 1999 
www.genome.ou.edu 
www.genome.ou.edu 
www.genome.ou.edu 
www.genome.ou.edu 
www.genome.ou.edu 
www.genome.ou.edu 
www.genome.ou.edu 
Eddlestonetal., 1999 

Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
Eddlestonetal., 1999 
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Table 2. List of genomic sequences of mouse chromosome 1 from GenBank 

Searching 
key words 

Total number 
of accessions 

Mouse genomic 
accession # 

Position of 
the clones 

Repetitive 
sequences 

Library/posit 
ion 

lq21 484 AC005992* 
AC007049* 
AC006944* 
AC008100* 

- 

mouse ES cell 
BAC libraries I 
and 
II:129Xl/SvJ 
ES cell line 
RW4 

lq22 146 0 N/A N/A 

lq23 182 0 N/A N/A 

lq21-22 7 0 N/A N/A 

lq21-23 
4 AC005992* 

AC007049* 
AC006944* 
AC008100* 

- 

mouse ES cell 
BAC libraries I 
and 
II:129Xl/SvJ 
ES cell line 
RW4 

Mus 
musculus 
AND 
chromoso 
me 1 

307 AC024069 
AC034109 
AC024915 
AC068906 

AC034108 
AC058787 
AC024068 

78m21 
88k7 
212g20 
240p23 

70m05 
202p02 
86n23 

RPCI mouse 
BAC library 
23:C57BL/6J 

RPCI mouse 
BAC library 
22:129S6/SvEv 
Tac 

Total 1130 11 N/A 

* Searches with lq21 and lq23 separately retrieved the same accessions of mouse 
genomic DNA. 
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Figure legends: 

Fig. 1. Physical and transcriptional map of the QTL peak region. All BAC clones are 

from the RPCI-23 mouse BAC library from Roswell Park Cancer Institute. Labeling for 

the clones is in the order of column-row-plate #. Accordingly, a clone of ml34-101 is 

from the column M, row 134, on plate 101. Other notations are: B= positive confirmed 

by both hybridization and PCR; Y= positive according to PCR amplification; H= positive 

according to hybridization result; X= possibility of chimeric clones or the non-specific 

hybridization and/or PCR amplification. A full-description of probes has been given in 

Table 1. Clones that contain the repetitive or retrotransposon sequences are indicated by 

one asterisk *. Each of these last five probes amplified the PCR product of the same size 

from a large number of clones, which indicates that these clones contain the same 

repetitive sequences.   These probes are indicated by two asterisks **. 

Fig. 2. Schematic representation of BAC clones across the QTL peak region. The lower 

panel indicates the names of 33 BAC clones that were selected as non-chimeric clones 

covering the region in order. In the up panel, the dotted lines indicate the coverage and 

the shape of the QTL locus and the LOD score along the mouse chromosome 1. The 

position of the chromosome is indicated by the cM of the chromosome and MIT 

microsatellite markers along the chromosome. The center panel indicates the probes of 

the contig which are listed in order according to their positions in the contig. 
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Figure 2 

Representative BAC clones that cover the OTL peak region of the mouse chromosome 1. 
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Appendix 1-3 

1409 
Identification of candidate genes that control the peak bone density by combina- 
tion of cDNA microarray analysis and physical mapping. W.K. Gu1, X.M. Li', S. 
Mohan1 K-H.W. Lau1, B. Edderkaoui1, L.R. Donahue2, C. Rosen3, W.G. Beamed, DJ. 
Baylink1. 1) Musculoskeletal Disease Ctr, Loma Linda Univ & JL Pertis VAMC, Loma 
Linda, CA; 2) The Jackson Lab., Bar Harbor, ME; 3) St. Joseph Hosp., Banger, ME. 

Osteoporosis is a debilitating bone disease that afflicts 30 millions people in tne U.S. 
Peak bone density is an important determining factor of future osteoporosis risks. Ge- 
netic factors determine up to 80% of variation in peak bone density. Our previous stucy 
has identified a QTL locus on mouse chromosome 1 that contributes to 40% of the total 
peak bone density difference between C57BL/6J (B6) and CAST/EU (CAST) mouse 
strains. We have produced congenic mice in which the chromosome 1 fragment con- 
taining this QTL locus has been transferred from CAST to the congenic mouse strain cf 
B6 background. To identify candidate genes within this QTL locus, we have developec 
an approach in which we combined physical mapping and cDNA microarray analysis to 
select candidate gene(s) based on their relative expression level and chromosomal lo- 
cations. In this study, we constructed a BAC contig that contains 40 BAC clones ana 
covers the peak region of this QTL locus (92 to 94 cM) on mouse chromosome 1. cDNA 
microarray analysis was conducted by Incyte Genome Systems. The isolated mRNA 
from femur of both the congenic and B6 strains were labeled with different dyes and hy- 
bridized onto the same microarray chip containing 8,739 genes and ESTs. This analy- 
sis revealed that 104 genes and ESTs showed at least 2-fold difference between the 
two strains. Among these candidate genes, 19 are known genes and 85 are ESTs. 
Among the known genes, 10 have functions relevant to bone. Only one (petaxin-relatea 
C-reactive protein) is located within the chromosome 1 QTL region. Among the ESTs, 
three are matched to the QTL locus of chromosome 1 and two are located within our 
BAC contig. In summary, we have identified 3 peak bone density candidate genes (C- 
reactive protein and 2 ESTs) in mice by our combination approach of physical mapping 
and cDNA microarray analysis. [This work was supported by USAMRAA through As- 
sistance Award No. DAMD17-99-1-95711. 

1411 
YAC/BAC contig and STS mapping of the human GABAA receptor subunit gene 
cluster on chromosome 4.'J. Du, S.A. Karim, K.J. Johnson, M.E.S. Bailey. Division of 
Molecular Genetics, I.B.L.S., University of Glasgow, Glasgow, U.K. 

The GABA (Y-aminobutyric acid) type A receptor is a ligand-gated ion channel com- 
plex that is important in inhibitory neurotransmission in the vertebrate brain. Each of the 
19 distinct related subunits known in mammals, which are classified into seven sub- 
classes (a, ß, Y, 5, £, 8, n and p), is encoded by a separate GABR gene. A cluster of 

*~* r~* r-S . 



Appendix 1-4 

Oral presentation on the First North American Scientific Meeting of Moroccan Association of 
Researchers and Scholars: 

06-23-2000 

Physical mapping of a QTL locus that controls bone density on mouse chromosome 1 

B. Edderkaoui, S. Mohan, K-H.W. Lau, X.M. Li, D. Strong, W.K. Gu, & D. J. Baylink 
Musculoskeletal Disease Center, JL Pettis VA Medical Center and Loma Linda 
University, Loma Linda, CA 

We have previously identified a QTL locus that controls peak bone density in the mouse 
using the F2 population of C57BL/6J (B6) X CAST/EiJ (CAST) strains of mice. This 
QTL is located on mouse chromosome 1 and contributes approximately 40 % of the 
variation of the peak bone density between these two strains. In order to positional clone 
candidate gene(s) responsible for peak bone density, it would be essential to have a 
physical map of this QTL. In this regard, a contig, which is a physical map that displays a 
set of contiguous overlapping and ordered clones along a specific region of a 
chromosome, would provide overlapping clones for a systematic searching of genomic 
sequences, which is essential for positional cloning of candidate genes. Consequently, the 
present objective was to construct a contig that covers this QTL locus in mouse 
chromosome 1 using a bacterial artificial chromosomal (BAC) library. 

The RPCI-23 BAC library was used to construct the contig. Information from the 
mouse genome database and publications was used to design PCR primers for generating 
our probes. The probes were used to hybridize the high-density filters of RPCI-23 BAC 
library according to the procedure developed by Rosewell Park Cancer Institute. The 
high-density filters were initially screened with pooled probes. Positive clones were 
isolated and used to prepare secondary screening filters. The secondary filters were then 
screened with individual probes. The hybridization results were used as our basis to 
connect various BAC clones together to form the contig. With this approach, we have 
constructed a BAC contig that covers the peak area of the chromosomal QTL locus that 
controls peak bone density in the mouse. Clones within the contig were confirmed by 
PCR amplification using our primers that were used for the hybridization probes. The 
contig consisted of 40 BAC clones that overlap with each other among neighboring 
clones without gaps. This contig is currently being sequence. Sequence information will 
be used to identify candidate genes. In conclusion, we have constructed a contig that 
covers the peak region of the QTL locus within mouse chromosome 1 that controls the 
peak bone density in mouse. The future availability of genomic sequence information of 
this contig will facilitate our work in candidate gene search by various approaches. 

♦This work was supported by USAMRAA, through Assistance Award No. DAMD17-99- 
1-9571. 
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Appendix 2-1 

Genetic Control of the Rate of Wound Healing in Mice 

Xinmin Li1, Weikuan Gu\ Godfred Masinde1, Melanie Hamilton-UUand1, Shizhong 

Xu2, Subburaman Mohan1, David J Baylink1 

Molecular Genetics Division, Musculoskeletal Disease Center, JL Pettis VA Medical 

Center and Loma Linda University, Loma Linda, CA 92357, USA 

department of Botany and Plant Sciences, University of California, Riverside, CA 

92521-0124, USA 

Corresponding author: David J Baylink, MD., Musculoskeletal Disease Center, JL Pettis 
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Summary 

There have been few studies of the inheritance of the rate of wound healing in mammals, 

although the subject is fundamentally important in wound healing research. In this study, 

we demonstrate that inbred strains of mice differ significantly in the rate of wound 

healing. Of the 20 strains tested, MRL/MpJ-Faslpr and LG/J/J mice were the most rapid 

and complete healers, while Balb/cByJ was the poorest healer (healed less than 25%). 

The genetic basis underlying the difference in the healing capacity was analyzed using F2 

populations of two different crosses. We show that the rate of wound healing is a 

polygenically determined quantitative trait with an average estimated heritability of 86%. 

The modes of gene action for the two crosses are different. In the (MRL/MpJ x SJL/J) 

cross, the Fi offspring exhibited intermediate values of the two parents and F2 individuals 

exhibited a normal distribution with an average value similar to that of Fj. In contrast, the 

average of Fi offspring in the (MRL/MpJ-Faslpr x CBA/J) cross had a similar value to one 

parent, CBA/J mice, and the phenotypic distribution of the F2 offspring severely deviated 

from normality, being shifted toward the average value of the CBA/J parent. A %2 test 

showed that the MRL/MpJ-Faslpr type:CBA/J type ratio in the F2 population did not differ 

significantly from 1:3. These results suggest that there is a dominant repressor gene in 

CBA/J mice which suppressed the additive action of fast-healing genes in MRL/MpJ- 

Faslpr. Information gained from this investigation provides a foundation for further study 

of molecular mechanisms underlying the rate of wound healing in mammals. 



Introduction 

Wound healing is a complex process requiring the joint effort of many different genes 

(Kunimoto, 1999). The clinical endpoints of mammalian wound repair involve the quality 

of healing (tissue regeneration) and the rate of healing (Goss, 1992; Martin, 1997; Singer 

& Clark, 1999). In vivo animal models have been developed to study the mechanisms of 

wound healing in both normal states and impaired states (Rothe & Falanga, 1992). 

Studies have shown that topological application of cod liver oil ointment, vitamin A, 

deoxyribonucleosides, and some proteins can accelerate wound healing (Shan et al, 

1995; Chen et al., 1999; Terkelsen et al, 2000). However, up to now we know very little 

about the inheritance of the rate of wound healing and the mode of its inheritance. 

In 1998, Clark et al. accidentally found that the MRL/MpJ-FasIpr (MRL-F) strain 

of mice could completely heal an ear-punched hole (2 mm in diameter) with normal 

tissue architecture within 4 weeks in contrast to the control mice, B6, which only healed 

30% of the original hole with scar tissue at the same period of time. Using (MRL-F x B6) 

F2 and backcross populations, it was demonstrated for the first time that rapid wound 

healing in MRL-F mice is a genetically-controlled quantitative trait (McBrearty et al, 

1998). This study led to an opportunity to search for fast-healer genes in mammals and 

also raised several fundamental questions related to genetic variability and heritability of 

wound healing that will be addressed in this study. 

The objectives in this study are: (1) to investigate the genetic variability in the rate 

of wound healing in the genetically distantly-related inbred strains of mice; (2) to 

determine from which progenitor strain the rapid-wound-healing phenotype in MRL-F 



mice was derived; (3) to explore the mode of gene action using different genetic 

backgrounds; and (4) to estimate the broad-sense heritability of the rate of wound 

healing. 

Materials and methods 

Animals 

Twenty inbred strains of mice (see Fig. 1 for the strains) were selected from a group of 

major inbred strains representing a diversified genetic origin. Four-week old female mice 

were obtained from The Jackson Laboratories (Bar Harbor, ME) and housed at the 

Animal Research Facility, JL Pettis VA Medical Center, Loma Linda, CA, under the 

standard condition of 14 h light, 10 h darkness, ambient temperature of 20°C, and relative 

humidity of 30-60%. All Fi and F2 mice including (MRL/MpJ-Faslpr x LG/J/J), 

(MRL/MpJ-Faslpr x CBA/J/J), and (MRL/MpJ x SJL/J/J) crosses were bred at the Animal 

Research Facility. The experimental protocols were in compliance with the animal 

welfare regulation and approved by the JL Pettis VA Medical Center, Loma Linda, CA. 

MRL/MpJ-Faslpr and MRL/MpJ strains 

MRL/MpJ-Faslpr mouse is a mutant derived from MRL/MpJ colony. The mutation is the 

direct result of a retrotransposon insertion into the second intron of the fas gene in the 

Mrl/MpJ strain (Adachi et al, 1993). It has been shown that the mutation is not related to 



the rapid and complete wound closure in MRL mice (McBrearty et ah, 1998). However, 

for an unidentified reason, MRL/MpJ-Fas,pr mice have a slightly better healing capacity 

than MRL-MpJ mice (McBrearty et al., 1998 and our observation in this study). 

Ear punch and measurement 

One week after the animals arrived, a 2 mm through-and-through hole in diameter was 

made in the lower cartilaginous part of each ear using a metal ear punch (Fisher 

Scientific, Pittsburgh, Catalog No. 01-337B). The hole closure was measured using a 7X 

magnifier at day 0, 5,10,15,20,25, and 30 for the 20 inbred strains of mice and at day 0, 

15,21, and 25 for the parents, Fj and F2 crosses. Each hole was measured twice 

(horizontal and vertical measurement) from the back of the ear (less hair at the back) and 

the average value for each time point was calculated from four measurements of two ears. 

The precision of hole measurement, determined by repeatedly measuring the same hole 

for 10 times, was 2.4% when the average size was 1.4 mm in diameter and 4.6% when 

the average size was 0.96 mm in diameter. 

Statistical analysis 

Two methods were used for estimation of the genetic variance for wound healing. The 

first method involved data from the 20 inbred strains only. We used a one-way ANOVA 

with strains treated as groups. Three individuals were measured for wound healing within 

each inbred strain. The mean square within strains (MSW) reflects the environmental 



variance (al), while the mean square between strains (MSB) is determined by both the 

genetic variance between strains (^)and the environmental variance. The expectations 

ofMSwandMSBare E(MSW) = <4 and E(MSB) = ^+r^,respectively, where r = 3 

is the replicate within each strain. Letting the expected mean squares equal the observed 

mean squares, we get the estimated broad-sense heritability: 

A»    __gL__     MSR-MSW 
H ~al + al    MSB+(r-l)MSw 

The second method of estimation used the difference between variances of 

different populations. The F,, Pi and P2 are non-segregating populations whose variances 

(V , VP and VPj) are purely due to environment. The F2, however, is a segregating 

population whose variance (VFj) is determined by the sum of genotypic and 

environmental effect. Therefore, VF2 - (*■ VF, + \ \ + j VPj) is an estimate of the 

genotypic variance. The broad-sense heritability is then estimated from: 

A3    VF--(JVp.+iVP,+^) H = _ 
VF, 

Results 

Genetic variability in the rate of wound healing among inbred strains 

The change in the hole diameter is the measurement of the rate of wound healing. Fig. 1 

shows the wound healing profiles for the 20 representative strains of mice. Each strain 

has a certain capacity for wound repair, but the rate of wound healing can be several-fold 



different. LG/J healed over 95% of the holes on the 30th day after wounding, in contrast 

to Balb/cByJ or SJL/J that only healed less than 25% of the holes at the same period of 

time. The overall wound-healing profile revealed three healing stages: a) an initiation 

stage (day 0 to day 5) where there was no significant difference (P=0.01) in wound 

closure among all strains; b) a fast-healing stage (day 6 to day 20) where most of the 

strains achieved their maximal wound closure and exhibited markedly different healing 

capacity among strains; c) a slow-healing stage (day 21 to day 30) where most of strains 

had no healing or very little healing. Based on the rates of healing at day 30 after 

wounding, 20 strains were clustered into three groups (Fig. 2). The first group contained 

the fast healers, including MRL-F and LG/J mice. Strains in this group did not have an 

obvious slow-healing stage and closed the holes with a greater and more constant rate 

after initiation of healing. The second group included the intermediate healers that 

exhibited three distinct healing stages. The third group contained the poor healers, 

including Balb/cByJ and SJL/J. Strains in this group did not have an obvious fast-healing 

stage. The CBA/J strain was between the intermediate and fast-healer group (Fig. 1). It 

had a similar rapid-healing rate to the MRL-F and LG/J strain up to day 20 but stopped 

afterward, while MRL-F and LG/J continued their active healing process. 

Genes regulating the rapid wound healing in MRL-F derived from LG/J mice 

MRL-F mouse is a synthetic strain derived from the interbreeding of four progenitor 

inbred lines: LG/J (75%), AKR (12.6%), C3H (12.1%) and B6 (0.3%). Fig. 3 shows that 

LG/J completely healed the holes 30 days after wounding and had the same healing rate 



as that of MRL-F, while the other three progenitor strains (AKR, C3H, and B6) healed 

less or about 50% of the holes. This result phenotypically suggests that the major fast- 

healer genes in MRL-F were likely derived from LG/J rather than other progenitor 

strains. However, different sets of genes could code for a similar phenotype. In order to 

genetically clarify the issue, we examined the rate of healing in a (MRL-F x LG/J) F2 

population. If the fast-healer genes in LG/J were different from those in MRL-F (i.e., the 

fast-healer genes in MRL-F were largely derived from other progenitor strains), it was 

expected to observe a wide range of phenotypic variation with a normal distribution 

(under the assumption of additive gene effect) and some individuals that healed even 

faster than both parents due to transgressive segregation in F2 population. Conversely, 

Fig. 4 shows that the ranges of healing rate in Fi and F2 mice were not significantly 

different from those of their parents, and super-healers were not identified when the 

observation was made on the 15th day after wounding (data not shown). These results 

suggest that genes regulating the fast-healing phenotype in MRL-F mice were mainly 

derived from LG/J mice. 

The modes of inheritance for the rate of wound healing in segregating populations 

The genetic basis underlying the different rate of wound healing was analyzed in two F2 

populations derived from crosses (Mrl-MpJ * SJL/J) and (MRL-F x CBA/J), 

respectively. Strain SJL/J is a slow healer while CBA/J is a relatively good healer with a 

unique healing profile (Fig. 1). In the (Mrl-MpJ x SJL/J) cross, the average healing rate 

of Fi at day 21 after wounding showed an intermediate value between the two parents, 



and F2 individuals exhibited a normal distribution, typical of a quantitative trait with 

additive gene effects (see Fig. 5A). A certain degree of transgressive segregation was 

observed. However, the (MRL-F x CBA/J) cross revealed a different healing profile, 

where Fi mice had a healing capacity similar to its CBA/J parent, and the majority of F2 

mice exhibited a healing range similar to that of Fi or CBA/J parent (Fig. 5B). When the 

F2 mice were classified into the two groups based on the rate of healing observed in the 

parental strains and Fh namely, X < 0.3 (MRL-F type), X>0.3 (F, and CBA/J type), the 

ratio of segregation was 1:2.9, which is not significantly different from the expected ratio 

of 1:3 under the hypothesis of a single dominant gene (%2= 0.017, 0.90<P<0.95). The 

average healing rates at three different time points after wounding are summarized in 

Table 1, which shows similar healing profiles. These parental phenotype-dependent F2 

distributions demonstrate the inherited nature of the rate of wound healing. 

The rate of wound healing has a high broad-sense heritability 

Table 2 shows the estimated broad-sense heritability using variance of analysis of 20 

strains. The average heritability of the three time points (15 days, 20 days, and 30 days 

after wounding) is 0.84. When the segregating populations are used, the average 

estimated broad-sense heritability (15 days, 21 days, and 25 days after wounding) is 0.88 

from the cross (MRL-MpJ * SJL/J) and 0.86 from the cross (MRL-F x CBA/J), 

respectively (see Table 3). 



Discussion 

We investigated the genetic variation for the rate of wound healing among 20 inbred 

strains of mice and explored the genetic basis underlying the difference using two 

segregating populations with different healing capacities. The salient findings of this 

study are: 1) the capacity for wound healing significantly differs among strains; 2) the 

fast-healer genes in MRL-F mice were most likely derived from LG/J strain; 3) the action 

of fast-healer genes is additive in the (MRL-MpJ * SJL/J) cross and the repressor gene in 

the CBA/J strain is dominant in the (MRL-F X CBA/J) cross; and (4) the healing rate has 

an estimated heritability of about 0.86. We will sequentially discuss these findings below. 

Ear punching has been traditionally used as a means of identification of mice kept 

in colonies. The rate of healing of this hole (normally 2 mm in diameter) has never been 

systematically studied among inbred strains. In this study, we found dramatic variation in 

the rate of healing among strains. The difference could be up to 27 times between a good 

healer (LG/J) and a poor healer (Balb/cByJ). The healing capacity appears not related to 

their genealogy (Beck et ah, 2000). CBA/J and Balb/cByJ are all derived from Caste's 

mice, but CBA/J healed the holes 5 times faster than Balb/cByJ mice. B6 (C57-related 

strains), FVB (Swiss mice) and NZB (Castle's mice) have different genealogical origins 

but have almost identical healing capacity. 

The healing profile revealed three healing stages: initiation stage, fast-healing 

stage, and slow-healing stage. The difference in healing primarily occurred in the fast- 

healing stage. The rate of fast healing and the time period of fast healing will determine 
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overall healing performance. Therefore, elucidation of molecular mechanisms underlying 

the healing capacity should target the fast-healing stage. 

The MRL-F mouse is the best healer among 20 strains studied. To investigate the 

potential origin of the fast-healer genes, we examined the healing capacity of four 

progenitor strains of MRL-F mice and determined that LG/J is the most likely donor for 

the fast-healing phenotype of MRL-F. This conclusion is reinforced by overlapping 

phenotypic distribution in the parental, (MRL-F x LG/J)F, and F2 populations. The LG/J 

mouse was developed by Goodale with selection for large body size (Chai, 1961). Fast- 

healing capacity in LG/J is unlikely associated with the body size, because SENCAR 

with a large body size (39.6 ± 3.9g) has an average healing rate while CBA/J, with a 

small body size (24.6 ± 1.2g), is a good healer. The coefficient of correlation between 

body weight and healing rate 30 days after wounding is -0.26 (P=0.191). It would be 

interesting to investigate where these fast-healer genes came from and how they were 

maintained during the selection of body size. There are two substrains, LG/J and LG/ 

Ckc, which were separated at F27. Further examination of the healing capacity in the 

LG/Ckc mice should provide insight into the evolutionary origin of these fast-healer 

genes. 

To examine the mode of inheritance of these genes, two segregation populations 

were produced: (MRL-MpJ x SJL/J) and (MRL-F * CBA/J). The rationale for selecting 

the (MRL-MpJ * SJL/J) cross was based on their extreme phenotype in the rate of ear 

healing. We did not select the MRL-F strain for this particular cross, which was used in 

the (MRL-F x CBA/J) cross, because this cross will be used for bone density screening as 

well and MRL-F mice are highly susceptible to autoimmune disease and their health 
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conditions will deteriorate with age that will affect the measurement of bone density. A 

normal distribution profile in the (MRL-MpJ * SJL/J)F2 mice indicates that the genes 

regulating fast healing have an additive effect and no major gene with dominant 

inheritance exists in this segregation population, although we could not rule out the action 

of semi-dominant genes because segregation populations tend to shift toward MRL-MpJ 

parent (Fig. 5A). Transgressive segregation, which is a common phenomenon in 

segregating hybrid populations (Rieseberg et al, 1999), was observed in the F2 

population. The primary cause could be the action of complementary genes or/and 

epistasis. 

We hypothesized that the (MRL-F * CBA/J) F2 cross should produce superhealers 

with the ability to heal the hole faster than MRL-F, because both strains are good healers 

and have a different genetic origin (Beck et al, 2000). Surprisingly, the healing capacity 

of Fi individuals fell into the range of CBA/J mice and F2 population fits the ratio of 3:1 

(CBA/J type:MRL-F type), suggesting that a dominant repressor gene is present in 

CBA/J mice, which suppressed the action of the additive fast-healer genes derived from 

MRL-F. Because CBA/J itself is a good healer, the repressor most likely works in 

conjunction with the fast-healer genes, i.e., the fast-healer genes still function but are 

limited to a certain degree due to the presence of the repressor. Twenty-five percent of F2 

mice did not carry CBA/J-derived repressor gene. Under the assumption of additive gene 

effect, these mice should exhibit a continuous variation between the two parents. 

Consistent with this expectation, we observed a distribution peak within the range of 

0.2 < X < 0.3 between MRL-F and CBA/J parents (Fig. 5B). 
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Estimated heritabilities using variance of analysis and two segregating 

populations at different time points consistently show that the rate of healing is a highly 

inherited trait (average H2 = 86%). Little environmental contribution to the phenotypic 

variation suggests that the rate of healing is mainly controlled by genetic factors..This 

makes the identification and isolation of fast-healer genes feasible and the genetic 

manipulation of wound healing process possible. 

In conclusion, the rate of wound healing is a genetically controlled quantitative 

trait with high heritability. The fast-healer genes exhibited an additive effect and the 

repressor gene showed a dominant effect. The healing capacity was a function of the 

number of fast-healer genes in the absence of the repressor gene and became a simple 

Mendelian trait (independent of the number of the fast-healer genes) in the presence of 

the repressor gene. 

13 



Acknowledgements 

This work was supported by Assistance Award No. DAMD17-99-1-9571. The U.S. 

Army Medical Research Acquisition Activity, 820 Chandler Street, Fort Detrick MD 

21702-5014, is the awarding and administering acquisition office. The information 

contained in this publication does not necessarily reflect the position or the policy of the 

Government and no official endorsement should be inferred. The authors wish to thank 

the JL Pettis VA Medical Center for their support.This work was also supported by 

funding from Veteran and Administration. The authors would also thank Heather 

Davidson for her excellent technical support. 

References 

ADACHI, M., WATANABE-FUKUNAGA, R. AND NAGATA, S. 1993. Aberrant 

transcription caused by the insertion of an endogenous retrovirus in an apoptosis 

gene. Proc. Natl. Acad. Sei., 90,1756-1760. 

BECK, J. A., LLOYD, S, HAFEZPARAST, M., LENNON-PIERCE, M., EPPIG, J. T., 

FESTING, M.F. AND FISHER, E. M. 2000. Genealogies of mouse inbred strains. 

Nat. Genet., 24,23-25. 

CHAI, C. K. 1961. Analysis of quantitative inheritance of body size in mice. IV an 

attempt to isolate polygenes. Genet. Res., 2,25-32. 

CHEN, E. A., ZHAO, L., BAMAT, M., VON BORSTEL, R. AND MUSTOE, T. 1999. 

Acceleration of wound healing with topically applied deoxyribonucleosides. 

Arch. Surg., 134, 520-525. 

CLARK, L. D., CLARK, R. K., HEBER-KATZ, E. 1998. A new murine model for 

14 



mammalian wound repair and regeneration. Clin. Immunol. Immunopathol. 88, 

35-45. 

GOSS, R. J. 1992. The evolution of regeneration. Adaptive or inherent? J. Theor. Biol., 

159, 241-260. 

KUNIMOTO, B. T. 1999. Growth factors in wound healing: the next great innovation? 

Ostomy/Wound Management, 45,56-64. 

MARTIN, P. 1997. Wound healing-aiming for perfect skin regeneration. Science, 276, 

75-81. 

MCBREARTY, B. A., CLARK, L. D., ZHANG, X. M., BLANKENHORN, E. P., 

HEBER-KATZ, E. 1998. Genetic analysis of a mammalian wound-healing trait. 

Proc. Natl. Acad. Sei., 95,11792-11797. 

RIESEBERG, L. H., ARCHER, M. A. AND WAYNE, R. K. 1999. Transgressive 

segregation, adaptation and speciation. Heredity, 83, 363-72. 

ROTHE, M. AND FALANGA, V. 1992. Growth factors and wound healing. Clinics in 

Dermatology. 9, 553-559. 

SHAN, M., FOREMAN, D. M., FERGUSON, M. W. J. 1995. Neutralisation of TGF-ßi 

and TGF-ß2 or exogenous addition of TGF c uianeous rat wounds reduces 

scarring. J. Cell Sei. 108,985-1002. 

SINGER, A. J. AND CLARK, R. A. F. 1999. Cutaneous wound healing. The New 

England J. Med. 341,738-746. 

TERKELSEN, L. H., ESKILD-JENSEN, A., KJELDSEN, H., BARKER, J.H., 

HJORTDAL, V.E. 2000. Topical application of cod liver oil ointment accelerates 

15 



wound healing: an experimental study in wounds in the ears of hairless mice. 

Scand. J. Plast. Reconstr. Surg. Hand Surg. 34,15-20. 

16 



Figure legends: 

Fig. 1 Rates of healing of a 2 mm ear hole in 20 inbred strains of mice. The healing 

process can be divided into three phases: initiation phase (I), rapid healing phase (II), and 

slow healing phase (III). 

Fig. 2 Tree diagram for 20 inbred strains of mice. Cluster analysis was performed using 

the residual hole-size on the 30th day after wounding. The X-axis represents single 

linkage Euclidean distance. When the tree is divided into three groups, the fast and 

complete healers fall into one group indicated by the solid dark lines, the poor healers fall 

into another group indicated by dashed lines, and intermediate healers fall into the third 

group. 

Fig. 3 The ear-healing profiles of MRL-F and its four progenitor strains over 40 days 

after wounding. 

Fig. 4 The histogram of frequencies of residual hole size on the 21st day after wounding 

in parental, (MRL-F X LG/J)Fi and F2 populations. The numbers of mice used for MRL- 

F LG/J, Fi, and F2 populations are. 11, 6,11, and 65, respectively. 
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Fig. 5 The histogram of frequencies of residual hole size on the 21st day after wounding 

in parental, F, and F2populations. A. (MRL-MpJ X SJL/J) cross; B. (MRL-F X CBA/J) 

. See Table 1 for the numbers of mice used for the parental, Fh and F2 populations. cross 
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Table 1 Measurement of average hole-size (mm in diameter) at different time points after wounding in the 

parental, F, and F2 mice (mean ± SD) 

MRL-MpJ SJ17J F. F2 MRkE CBM EL. 

Number J9 20 36 500 
of mice 

11 8 9 78 

Day 15       0.70+0.10       1.27±0.12       0.97±0.09       0.90±0.30        0.42±0.06        0.78±0.10 N/A 0.72+0.20 

Day21       0.44+0.10       1.10±0.10       0.71+0.11       0.69*0.32        0.07±0.08        0.53±0.09       0.42±0.05       0.46+0.19 

Day 25       0.33+XU2       1.01+0.10      0.61*0.12       0.60+0.32        0.01±0.02        0.46±0.09 N/A 0.38+0.20 

19 



Table 2 Analysis of variance of the healing rate at different time points using 20 inbred strains of mice 

 "SS Df MS SS Df MS F p H2 
Variable      effect      effect      effect       error       error       error  , 

Day 15        3.78    '     19 0.199       0.929 40 0.023        8.57      >0.001       0.72 

Day20        6.92 19 0.364       0.418 40 0.01 34.8      >0.001       0.92 

Day30        9.13 19 0.481       0.857 40 0.021        22.4      >0.001       0-88 

H^ is estimated broad-sense heritability. SS: sum of squares; Df: degree of freedom; MS: mean squares. 
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Table 3 Estimated broad-sense heritabilities at different time points using variances of the parental, F, and 

F2 populations . . __  

Variance (MRL-MpJ X SJL/J)                  H2                      Variance (MRL-F X CBA/J) H2 

Time MRI.-MOJ    SJL/J F, F2 MRL^ CBA/J Fj F* 

Day 15 0.01 0.015        0.0085       0.0916 0.88 0.0039 0.01 N/A 0.0416 0.83* 

Day21 0.01 0.009       0.0118       0.1014        0.89 0.0064       0.0073       0.0029       0.0366 0.87 

Day 25 0.015 0.011 0.014 0.103 0.87        0.0004       0.0089        N/A 0.0408        0.89' 

"Environmental variances were estimated from the average of two parents. Estimated heritabilities are bold. 
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Abstract Genetic variation in bone regenerative capacity has not been studied in any 

animal model system. We have developed a "drill-hole" model in the tail vertebra of 

inbred strains of mice that allows us to reproducibly introduce an injury with a defined 

boundary and quantify the rate of bone healing using the combination of high resolution 

Faxitron X-ray images and a Chemilmager™ 4400 Low Light Imaging System. Using 

this model, we have demonstrated that bone regenerative capacity is a genetically 

controlled trait with an estimated heritability of 72% and it differs significantly among 

the inbred strains of mice. Of the 12 inbred strains tested, Sencar has been identified as a 

suitable model for the study of hard-tissue regeneration. It regained 73% of the bone loss 

30 days after injury, in contrast to the slow healer, CBA/J, which only recovered 25% of 

bone loss at the same period of time. The bone regenerative capacity was not correlated 

with the soft-tissue regenerative capacity, suggesting that different sets of genes may 

regulate soft- and hard-tissue regeneration. It was, however, significantly correlated with 

the total bone mineral density (R=0.49, p<0.01), indicating that a high bone density is 

associated not only with prevention of bone fracture, but also with promotion of bone 

regeneration. 



Key words: Wound healing; Bone regenerative capacity; Inbred mouse; Heritability; 

Quantitative analysis; Genetic variation. 



Introduction 

The ability of mammals to regenerate tissues is limited7. Bone is one of the few tissues 

able to regenerate in response to injury and, thus, is an excellent model for the study of 

the molecular mechanisms of tissue regeneration in mammals. To this end, a number of 

growth factors have been identified that play a role in the bone formation and repair 

cascades3'13. These include fibroblast growth factors (FGFs), platelet-derived growth 

factors (PDGFs), insulin-like growth factors (IGFs), transforming growth factor ßs (TGF- 

ßs) and the bone morphogenic proteins (BMPs). Several therapeutic approaches have 

applied these growth factors to enhance bone fracture healing 

In contrast to the existing knowledge on the role of individual growth factors in 

the bone healing process1,10,11,15, the genetics of bone regenerative capacity as a whole is 

less well studied. Very little is known about the inheritance of bone regeneration, its 

genetic variability among populations, and its relationship to bone density. This lack of 

progress is due in part to technical difficulties associated with the creation and 

quantitative measurement of a reproducible injury. Addressing these fundamental 

questions is important in understanding the genetic complexity of bone regeneration and 

will contribute to the molecular dissection of this complex process. 

Inbred strains of mice offer a rich genetic resource for experimentally defining 

the variation in the rate of bone regeneration. We have developed a "drill-hole" model 

that allows us to introduce a reproducible injury with a clearly defined boundary to the 



tail vertebral body of the mouse and subsequently quantify the rate of bone healing 

among inbred strains of mice. Because previous studies have established that many genes 

have the potential to initiate and accelerate bone fracture healing13, we hypothesized that 

the bone regenerative capacity is genetically controlled and varies among strains. Here 

we present data to show: 1) the genetic variation in bone regeneration among the 12 

inbred strains of mice; 2) the characteristic temporal healing profiles in two commonly 

studied strains12, C3H/HeJ (C3) and C57BL/6J (B6); and 3) the relationship among bone 

mineral density, hard-tissue regeneration and soft-tissue healing. 

Materials and Methods 

Experimental Animals 

Twelve inbred strains of mice (129J, CBA/J, FVB/NJ, LG/J, LP/J, NZB/BINJ, RIIIS/J, 

SENCAR/PtJ, KK/HiJ, C3H/HeJ, C57B1/6J, DBA/1 J) were selected from subgroups of 

the major inbred strains representing a diversified genetic origin6. Three female mice of 

each of these strains and 10 female mice of C3 and B6 strains were obtained from The 

Jackson Laboratory (Bar Harbor, ME). The animals were housed at the Animal Research 

Facility, VA Medical Center, Loma Linda under conditions of 14 h light, 10 h darkness, 

an ambient temperature of 20° C, and a relative humidity of 30-60%. The animals were 

six months old in 12 representative strains and four weeks old in the C3 and B6 strains 

when the experiments were performed. All experimental protocols were in compliance 



with the Animal Welfare Act and were approved by the Institutional Animal Care and 

Use Committee (IACUC) of the JL Pettis VA Medical Center, Loma Linda, CA. 

"Drill-hole "procedure and measurement of bone healing 

A hole of 0.9 mm in diameter was produced in the third vertebra from the base of tail 

using a Dremel Tool equipped with a 1/32 inch drill bit. Before the operation, mice were 

anesthetized using a dose of 50/10 mg/kg Ketamine/xylazine solution delivered 

intraperitoneally. The healing process was monitored up to 30 days at 10-day intervals 

using Faxitron X-ray (MX-20 Specimen Radiography System, Illinois USA) for 

qualitative evaluation. The Faxitron X-ray System was calibrated to obtain a flat field 

image for daily measurement. The third vertebra of the tail was positioned on the 

platform along with a 1cm X 2cm metal plate with a standard hole (0.9 mm in diameter) 

on it. This standard hole was used as a reference for later quantitative analysis. X-ray 

images were taken under constant conditions (26kVp, 6 seconds exposure and 5 x 

magnifications) using the Kodak XTL2 X-ray film (Kodak, Rochester, NY) so that the 

healing process could be quantitatively analyzed from different X-ray images. 

The quantitative analysis was performed using the Chemilmager    4400 Low 

Light Imaging System (Alpha Innotech Corporation, CA). The system can quantify DNA 

or RNA concentration from the ethidium bromide stained gels by measuring the light 

pixels. The value is expressed as the Integrated Density Value (IDV). We developed a 

procedure using this system to quantitatively evaluate the bone healing process from the 

X-ray images where the more bone is regenerated at the wound site, the higher the IDV 



will be. The measurement procedures are illustrated in Figure 1. A template circle 

identical to the size of a standard drill hole on the X-ray film was made using the spot 

densitometery tool (software Version 5.5) and was moved next to the wounded vertebra 

(but not overlapping with the vertebra) for a local background reading. It was then 

superimposed over the original hole made on the third vertebra for the IDV reading. Two 

additional IDV readings were obtained by placing the circle over the position on the 

second and fourth vertebra equivalent to the hole position on the third vertebra. The 

absolute bone regenerative capacity was defined as "the hole IDV (step 3) - background 

IDV (step 2)". The relative bone regenerative capacity was defined as "the hole IDV -*■ 

[0.5 x (IDV from the second vertebra + IDV from the fourth vertebra)]". 

Measurement ofBMD 

A PIXIMUS™ Densitometer (LUNAR Corporation, Madison, WI) was used for the 

measurement of BMD. It is a rapid (5-minute image acquisition) and precise small animal 

densitometer with the precision of 1 % CV for total skeletal BMD and 1.5% CV for femur 

region of interest (ROI) BMD. Calibration was performed daily with a defined standard 

(phantom) before measurement. Anesthetized mice were placed on a specimen tray and 

then inserted into the PDQ imaging area for analysis. After a measurement was 

completed, the PIXI software automatically recorded the data as a Microsoft Excel file. 

Ear punch and measurement 



A 2 mm diameter through-and-through hole was made in the lower cartilaginous portion 

of each ear using a metal ear punch (Fisher Scientific, Pittsburgh, Catalog No. 01-337B). 

The hole closure (in diameter) was measured 30 days after ear punch using a 7X 

magnifier. Each hole was measured horizontally and vertically from the back of the ear 

(less hair), and the average value was calculated from the four measurements in two ears. 

The precision of hole measurement, determined by repeatedly measuring the same hole 

10 times, was 2.4% when the average hole size was 1.4 mm in diameter and 4.6% when 

the average hole size was 0.96 mm in diameter. 

Statistical analysis 

Results are reported as mean ± SD for 3 animals per strain. ANOVA and correlation 

analysis were performed using commercially available statistical software 

(STATISTICA, StatSoft Inc., Tulsa, OK). Results were considered significantly different 

for PO.05. Heritability was estimated from the analysis of variance. We used a one-way 

ANOVA with strains treated as groups. Three individuals were measured for bone 

regeneration within each inbred strain at day 30 after operation. The mean square within 

strains (MSW) reflects the environmental variance (o^ ), while the mean square between 

strains (MSB) is determined by both the genetic variance between strains (al) and the 

environmental variance. The expectations of MSW and MSB are E(MSW) = o^ and 

E(MSB) = al + ral, respectively, where r = 3 is the replicate within each strain. Letting 

the expected mean squares equal the observed mean squares, we calculate the estimated 

broad-sense heritability as: 



TV—  al      -      MS""MSw 
6*+6*,    MSB+(r-l)MSw 

Results 

Precision and validation of quantitative evaluation of bone regeneration 

We used the Chemilmager™ 4400 Low Light Imaging System to quantitatively 

determine the rate of bone regeneration from high-resolution X-ray images. The precision 

of the measurement was tested to validate its suitability for the proposed study. Potential 

sources of variation between images include the X-ray film quality, exposure and 

development. We determined this image variation to be 2%, by measuring the same hole 

of 10 successive X-ray images taken from the same mouse (Table 1). Additional variation 

could occur between the actual image measurements, such as positioning the X-ray film 

on the light box of the Chemilmager™ 4400 Low Light Imaging System cabinet and 

superimposing the defined circle over the wounded site of the third vertebra. By 10 

successive measurements of the same hole, this precision was determined to be 11% 

when CBA (slow healer) was measured and 2% when C3 (fast healer) was measured 30 

days after injury (Table 1). 

The validity of this comparative analysis also depends on the linear relationship 

between the bone regenerative capacity and IDV measurement. The Chemilmager 

4400 Low Light Imaging System has a built-in mechanism to check the linearity (i.e., a 

capacity to examine the data saturation). When the data (image) becomes saturated, the 

bone regenerative capacity loses its linear relationship with the IDV reading. We 



examined the images of all our measurements and established that they were not 

saturated. We further tested the linearity between the standard images and IDV readings 

using an aluminum mammographic step wedge (Pacific Northwest X-ray Inc., Gresham, 

OR). The correlation coefficient between the thickness of the step wedge and the 

corresponding IDV was 0.99 (Figure 2). 

Qualitative and quantitative assessment of bone regeneration at day 30 after injury in 12 

inbred strains of mice 

The absolute bone regenerative capacity measures the net gain in bone after injury, while 

relative bone regenerative capacity reflects a percentage of bone recovery in relation to 

the original bone content. Because both of these measurements showed a high correlation 

(R=0.86, pO.0001), we used the absolute bone regenerative capacity for subsequent 

comparisons. 

The rate of tail vertebral regeneration varied significantly among strains. Based 

upon the rate of healing, we have classified the 12 strains into three groups, namely fast, 

intermediate or slow healers. Figure 3 shows three representative strains of each group. 

Fast healers almost completely healed the 0.9 mm hole within 30 days, in contrast to the 

slow healers that healed very little in the same period of time. ANOVA analysis showed 

that the rate of bone healing is significantly different (F=8.7, pO.0001) among strains. 

Sencar was the most suitable hard-tissue regeneration model among the strains tested 

(Table 2). The rate of healing was 3 times faster (70.7+13) than that of the slow healer, 
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CBA (23.6+5.5). The estimate of broad-sense heritability was 0.72 for the absolute bone 

regenerative capacity and 0.82 for the relative regenerative capacity. 

Temporal assessment of bone regeneration in C3 and B6 strains of mice 

Because the C3 and B6 strains are commonly used in bone research, and have about 50% 

difference in bone mineral density4 and more than 100% difference in bone regenerative 

capacity, as demonstrated in this study, we selected these two inbred strains for a 

comparison of the temporal healing profile. C3 mice progressively healed the hole over 

30 days, while B6 mice healed very little. Perhaps because of the inability to heal, 

vertebra from B6 mice became deformed 10 days after injury (Figure 4). Deformation of 

wounded vertebra was a characteristics of B6 mice at four weeks of age. Nine of the 10 

B6 mice had a deformed vertebra, while the C3 mice had none. Because of the 

deformation, we could not quantitatively compare the rate of bone healing between C3 

and B6 mice. 

Capacity for the hard-tissue regeneration is not correlated to that for sofi-tissue healing 

but significantly correlated with total BMD 

We have previously demonstrated that soft-tissue repair/regeneration varied significantly 

among inbred strains of mice, with a heritability estimate of 0.82. This study used the 

same individuals as those of the soft-tissue regeneration study, and we could, therefore, 

compare the regenerative ability in hard tissue with soft tissue. Figure 5A shows that the 
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bone regeneration is not correlated to the ear repair/regeneration. A typical example of 

lack of correlation between the hard-and soft-tissue regeneration is the CBA strain, which 

was a fast healer in ear repair/regeneration (a relative healing rate of 84%), but a slow 

healer in bone regeneration (a relative healing rate of 25%). The bone regeneration was 

significantly correlated to BMD (Figure 5B) and total BMC (Figure 5C). The correlation 

coefficient was 0.49 (p<0.01) with total BMD and 0.63 (pO.001) with total BMC. In 

addition, the bone regenerative capacity at the tail vertebra also showed a significant 

correlation with femur BMD (r=0.58 p<0.01) and forearm BMD (r=0.49 pO.01). 

Discussion 

Bone injury is a prominent clinical issue, but the genetic contributions to bone 

regeneration have not been well studied. We developed a novel approach to 

quantitatively determine the genetic variation in bone regenerative capacities among 12 

inbred strains of mice and compared them with their respective soft-tissue 

repair/regeneration capacities and BMD. Our findings in this study are as follows: 1) the 

"drill-hole" model is a feasible approach to quantify the bone regeneration after injury; 2) 

inbred strains of mice harbor remarkable differences in the rate of bone healing; 3) 

SENCAR is the best strain for molecular dissection of the bone regeneration phenotype; 

and 4) hard-tissue regeneration is significantly correlated to bone density but not to soft- 

tissue repair/regeneration. 

In a preliminary study, we found differences in the rate of vertebral fracture 

healing among strains using an Instron Mechanical Tester (Instron Corporation, Canton, 
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MA) to create vertebral fractures. Due to the different biomechanical properties among 

the strains, it was difficult to introduce identical injury reproducibility and perform 

comparative analysis quantitatively. We therefore explored an alternative model, a drill- 

hole in the vertebra. This model effectively overcame the technical difficulties of the 

fracture model by introducing an injury of reproducible size and with a clearly defined 

boundary that made quantitative analysis possible. We subsequently examined the 

precision and linearity of the measurements to verify the feasibility of this approach. We 

established that the variation of the measurements (2-11%) was far less than the genetic 

variation (42%) in the rate of bone healing among strains, and the bone regenerative 

capacity had a linear relationship with the measured IDV within the range of our data set 

(r=0.99, p<0.001). We concluded that the bone healing process can be quantitatively 

evaluated directly on high-resolution x-ray images using the Chemilmager™ 4400 Low 

Light Imaging System. 

Using this approach, we have found that there was a dramatic variation in the 

bone regenerative capacity among strains. The difference approached 3-fold between a 

fast regenerative strain and a slow regenerative strain. The coefficient variation across all 

strains was as high as 42%, suggesting a quantitative genetic regulation of the phenotype. 

Seventy-two percent of the variation could be attributed to genetic factors, providing a 

rationale for the mapping of loci critical to bone regeneration. In this regard, a (SENCAR 

X CBA/J) matting would be an ideal cross for the QTL mapping. These two strains 

exhibit extreme phenotypes in bone regenerative capacity (IDV of 70.7 for SENCAR and 

23.6 for CBA/J), and the cross between the two will most likely produce a desirable wide 

range of phenotypic segregation in the F2 population. The different genetic origins of 
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these two strains6 should also promote the identification of a large number of 

polymorphic markers for construction of a dense genetic map, which is important for a 

high-resolution QTL mapping. 

We attempted to identify the time point when the difference in the rate of bone 

healing occurs between a fast healer, C3, and a slow healer, B6, by comparing their 

temporal healing profiles. This information is essential for collecting samples at the 

optimum times for gene expression study. It was unexpectedly found that B6 vertebra had 

collapsed by the first observation at day 10, which prevented us from further quantitative 

comparison. We speculated that the density of the vertebrae may be related to the number 

of trabeculae (C3 mice have a 50% higher bone density than B6 mice). One possible 

explanation for the collapse is that B6 mice may have less trabeculae compared to C3 

mice and, subsequently, have less trabecular struts to initiate healing. The cause of the 

collapse could be a combination of a low bone density and a reduced healing capacity. 

Histological comparison of the trabecular organization between a fast healer and a slow 

healer might elucidate contributions of trabecular number to the rate of bone healing. 

The most significant finding of this study, from a practical standpoint, was the 

association of bone regenerative capacity with bone density. This association suggests 

that high bone densities not only reduce the risk of bone fracture but also promote bone 

healing after injury. The genetic implication of this association is that some of the genes 

regulating bone density might also function in bone regeneration. Many candidate genes 

or QTL regions for high bone density in both humans and mice have been identified ' ' 

16, and our QTL mapping programs for bone density genes are also in progress. Further 
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studies of these candidate genes should disclose this intriguing genetic relationship and 

facilitate the identification of the genes regulating bone regeneration. 

It is not surprising that hard-tissue regeneration was not correlated with soft-tissue 

repair/regeneration. Both tissues undergo three similar stages (inflammation, 

repair/regeneration and remodeling) during wound healing. However, there are a number 

of differences in the response to injury at the cellular level. The soft tissue consists of 

different cell types compared to the hard tissue, and it has a much more severe 

inflammatory reaction than hard tissue in response to initial injury and does not form the 

callus characteristic of hard tissue regeneration. It appears that, although they may share 

some common molecular pathways, hard-tissue healing involves a different regulatory 

program relative to soft-tissue healing. This finding will necessitate separate molecular 

investigations for soft- and hard-tissue regeneration. 

In conclusion, a significant genetic variation in bone regenerative capacity exists 

among inbred strains of mice. This variation provides a genetic basis for the molecular 

dissection of this highly inherited trait. The bone regenerative capacity has no correlation 

with soft-tissue repair/regeneration but has a sound correlation with the total BMD. This 

correlation has significant genetic and practical implications in preventing bone fracture 

or accelerating bone healing in humans. 
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Figure legends: 

Figure 1. Outline of measurement procedures. Step 1 determines circle size based on the 

standard hole. Steps 2 and 3 measure background and hole IDVs, respectively, for the 

calculation of the absolute bone regeneration at the injured site. Steps 4 and 5 measure 

normal bone IDV at the equivalent position to the injured site for the calculation of the 

relative bone regeneration. 

Figure 2. Relationship between the integrated density value and thickness of the 

mammographic step wedge. 

Figure 3. Rates of healing of a 0.9 mm vertebral hole in 9 representative strains of mice. 

Top panel: fast healers (from the left to right, Sencar, 129/J and DBA/1J); Middle panel: 

intermediate healers (NZB/BinJ, LP/J and RIIIS/J); Bottom panel: slow healers (CBA/J, 

C57B1/6J and FVB/NJ). 

Figure 4. Temporal bone-regeneration profiles in C3 and B6 mice. Top panel: a 

representative C3 mouse; Bottom panel: a representative B6 mouse. The X-ray images 

were taken immediately (A and E), 10 days (B and F), 20 days (C and G) and 30 days (D 

and H) after injury. 

Figure 5. Relationship between the absolute bone regenerative capacity and ear healing 

capacity, total BMD or total BMC. A: no correlation between bone healing and ear 

healing 30 days after injury; B: a moderate, significant correlation between bone healing 

and total BMD; C: a good correlation between bone healing and total BMC. 
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Table 1. Precision of measurements of bone regenerative capacity 

Measurement Measurement B' (relative 
#of A'(relative density unit) 

measurement density unit) Hole #1 Hole #2 
44 

Hole#3 
26 1 56 58 

2 54 58 46 26 

3 53 56 45 32 

4 53 55 43 36 

5 55 57 48 26 

6 55 58 45 27 

7 55 56 45 32 

8 53 58 43 32 

9 55 55 41 29 

10 54 55 
56.6 

41 28 

Average 54.3 44.1 29.4 

STD 1.06 1.35 2.18 3.44 

CV% 2 2 5 11 

'Measurements of the same hole from different X-ray images taken 
from the same animal. Repeated measurements of the same hole 
from one X-ray image. Hole #1,2 and 3 represent three different X- 
ray images. 

21 



Table 2. Measurements of bone and ear phenotypes among inbred strains of mice3 

Absolute bone Relative bone Ear hole residue Total BMD 
Strains regenerative capacity regenerative in diameter (g/cm2) 

(relative density unit) capacity 

0.35+0.05 

(mm) 
0.9610.33 0.07010.008 

KK/HiJ 50.0+6.2 

C3H/HeJ 57.3+15.0 0.56±0.13 0.9310.11 0.06410.001 

C57B1/6J 25.0+2.6 0.29+0.02 1.110.11 0.05710.001 

RIIIS/J 29.7±8.7 0.32+0.04 0.6810.12 0.05710.003 

CBA/J 23.6±5.5 0.25+0.03 0.3310.07 0.06510.004 

SENCAR 70.7±13.0 0.73+0.14 0.4810.26 0.06610.005 

FVB/NJ 24.3+6.6 0.27±0.01 1.1210.12 0.059+0.002 

N2ß/BinJ 42.3+11.0 0.49±0.04 1.1310.18 0.06410.001 

129/1 58.3+6.5 0.65+0.03 1.1810.17 0.064+0.003 

LG/J 53.3±15.2 0.40±0.01 0.0810.08 0.07010.002 

All strains 43.5±18.32 0.43±0.17 0.8010.40 0.06310.005 

F value 8.69 15.09 14.11 4.08 

p <0.0001 <0.0001 O.0001 <0.01 

Heritability 0.72 0.82 0.82 0.57 

LP/J* 35 0.44 0.925 0.059 

DBA/1J* 68 0.53 0.9 0.050 

aData are presented as meanlSD. The bone and ear healing capacity was measured 30 days after 
injury. 'Only one animal was available when the bone regeneration analysis was performed and 
these animals were not included in the statistical analysis. 
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Abstract. Wound repair/regeneration is a complex process consisting of three stages: 

inflammation, tissue re-growth, and remodeling, which together involve the action of 

hundreds of genes. In order tol) identify and analyze the genes that are expressed at the 

inflammatory stage of repair (i.e., 24 hours after injury), and 2) evaluate the molecular 

basis of fast-wound repair/regeneration in adult mammals, we examined the expression of 

8734 sequence-verified genes in response to ear punch in a fast-wound 

repair/regeneration strain, MRL/MpJ-Faslpr mice, and a slow-wound repair strain, 

C57BL/6J mice. Many differentially expressed genes can be assigned to wound-repairing 

pathways known to be active during the inflammatory phase, whereas others are involved 

in pathways not previously associated with wound repair. Many genes of unknown 

function (ESTs) exhibited a more than 2-fold increase in MRL/MpJ-Faslpr or C57BL/6J 

mice, suggesting that current understanding of the molecular events at the inflammatory 

stage of repair is still limited. A comparison of the differential expression profiles 

between MRL/MpJ-Faslpr and C57BL/6J mice suggests that fast-wound repair in 

MRL/MpJ-Faslpr mice is mediated by a metabolic shift toward a low inflammatory 

response and an enhanced tissue repair. 

Introduction 

Wound healing is a genetically-controlled, complex process requiring the cooperation of 

cells involved in hemostasis, inflammation, immune defense, vascularization, fibroplasia, 



and epithelialization (Kunimoto 1999). Each of these steps could affect this interactive 

process and lead to an altered healing process. Recent advances in cellular and molecular 

biology have greatly expanded our understanding of the biological processes involved in 

wound repair and tissue regeneration (Singer et al. 1999). A number of wound-repair- 

related genes have been identified (Rothe and Falanga 1992). However, due to the 

limitations inherent in the methods used in the wound-repair/regeneration studies, the key 

genetic events underlying the initiation and progression of wound repair are less clear. 

Studies using the large-scale genome analysis techniques suggest that the number of such 

genes may be large, and many important wound-repair-related genes remain to be 

discovered (Iyer et al. 1999). 

Wound repair involves two major clinical issues: the rate of healing - a prominent 

problem in the elderly population, and the quality of healing - a major concern relating to 

cosmetic appearance, particularly in the young population. Therefore, the primary 

therapeutic goal of the treatment of wounds involves rapid wound closure with minimal 

scar formation. In order to achieve this goal, it is necessary to identify the genetic basis 

for wound-repair/regeneration using appropriate animal models. A recent study and our 

own research have shown that MRL/MpJ-Faslpr strain of mice could completely heal an 

ear-punched hole (2 mm in diameter) with normal tissue architecture within 4 weeks in 

contrast to the control mice, B6, which only healed about 40% of the original hole with 

scar tissue at the same period of time (Clark et al. 1998). Further study has demonstrated 

that this healing capacity is a heritable trait in inbred mice (McBrearty et al. 1998). The 

characteristics of rapid wound closure and no scar formation in MRL mice have provided 



an ideal model to study the molecular mechanisms that underlie wound- 

repair/regeneration in mammals. 

The high density cDNA microarray technology, with its capacity for two-color 

simultaneous monitoring of thousands of genes, provides a unique opportunity for high- 

throughput gene expression analysis (Schena et al. 1995). DNA microarrays have been 

particularly useful for analyzing gene expression profiles in single-celled organisms and 

in tissue culture (White et al. 1999). Here we report the application of cDNA microarray 

technology to analyze gene expression in the multi-cellular ear-punched tissue of a 

regeneration strain, MRL mouse, and that of a non-regeneration strain, B6 mouse, using 

Mouse GEM1 microarry that contains 8734 Incyte sequence-verified IMAGE 

Consortium mouse cDNA clones. This study focused on the inflammatory stage of 

wound repair. The aims of this study were to evaluate the genes whose expression levels 

change during wound healing processes in general, and the genes whose expression 

levels are different in response to ear punch in MRL vs B6 mice. Our results indicate that 

high-throughput in vivo gene expression analysis should be of value in elucidating the 

genetic events associated with wound repair/regeneration in mammals. 

Materials and methods 

Animals. Four-week old MRL/MpJ-Faslpr and C57BL/6 female mice were obtained from 

the Jackson Laboratories (Bar Harbor, ME) and housed at the Animal Research Facility, 

Pertis VA Medical Center, Loma Linda, CA under conditions of 14 h light, 10 h 

darkness, ambient temperature of 20° C, and relative humidity of 30-60%. Experimental 



animal procedures performed in this study have been approved by the Animal Studies 

Subcommittee of the Jerry L Pettis Memorial VA Medical Center, Loma Linda, CA. 

Ear punch and measurement. One week after the animals arrived, a 2 mm through-and- 

through hole was made in the center of the cartilaginous part ofboth ears of three mice 

from each strain using a metal ear punch (Fisher Scientific, Pittsburgh, Catalog No. 01- 

337B). The holes were measured at the time of wounding (Day 0) and 5,10,15,20,25, 

and 30 days after wounding using a 7 X Magnifier. The precision of the Magnifier for ear 

hole measurement has been determined, by repeated measurement of the same ear hole 

10 times, to be 2.4%. 

Tissue collection and RNA purification. Three 2 mm through-and-through holes were 

made using a metal ear punch in both ears of the mice when animals reached 5-week of 

age. A 0.4 mm disc of ear-punched tissue was isolated 24hrs after ear punch from 10 

animals of each strain. The equivalent amount of ear tissue at the corresponding region 

was also isolated from the non-ear-punched control mice. The ear-punched or control 

tissues from each strain were pooled and immediately put into liquid nitrogen until use. 

Total RNA was isolated using RNeasy Kit (GIAGEN) and mRNA was purified using 

Oligotex mRNA Kit (QIAGEN) based on the manufacture's instruction. 

Commercial Microarray Hybridization. Incyte commercial service was used for probe 

labeling and microarray hybridization. The Mouse GEM1 microarray contains 8734 

Incyte sequence-verified IMAGE Consortium clones mapped to NCBI's UniGene 



database. The detailed technical and hybridization control procedures can be found at 

Incyte's web site (http://www.genomesystems.comQ. Three hybridizations were 

performed: MRL ear-punched sample vs MRL control sample, B6 ear-punched sample vs 

B6 control sample, and MRL control sample vs B6 control sample, so that the 

comparison could be made between the MRL ear-punched sample and B6 ear-punched 

sample. 

Commercial Microarray data analysis..After passing various quality control processes 

performed by Incyte (http://www.geaomesvstems.comQ, data were directly downloaded 

to the image analysis software GEMTools Version 2.4.1 (Incyte). The GEMTools 

normalized the two different hybridizations, subtracted background, located, calculated, 

and stored each cDNA spot intensity from each file and simultaneously compared two 

different normalized images. The differential expression ratios were obtained for each 

cDNA. Based on the GEM™ microarray reproducibility study, the coefficient of 

variation for differential expression derived from the Incyte GEM microarray 

hybridization is approximately 15%, and the level of detectable differential expression 

ratio is 1.75 (Incyte technical survey, Incyte Pharmaceuticals, Inc. 1999). For this study, 

we used a threshold value of >2-fold to define differential gene expression to minimize 

false-positive elements. 

In-house microarray hybridization and data analysis Ten cDNA clones were randomly 

selected and purchased from the Incyte Genomics (St. Louis, Missouri). These clones 

exhibited more than 2-fold change in expression by Incyte hybridization. The insert was 



amplified by PCR with the following universal primers: 5'- 

GTGCTGCAAGGCGATTAAG-3' and 5'-GGAATTGTGAGCGGATAAC-3\ The PCR 

product was purified using QIAquick PCR Purification Kit (QIAGEN), concentrated and 

resuspended in 3 X SSC at a concentration of 0.25pg/pl, and then printed on the amino- 

silane coated microscope slides (Corning, NY) using a GMS 417 Arrayer (Genetic 

Microsystems). Ten replicates of the individual cDNA clone were printed on each slide. 

DNA was fixed by baking the slides at 80°C for three hours. 

Fluorescently labeled cDNA with either Cy3 (MRL ear-punched sample) or Cy5 

(MRL non-ear-punched sample) was synthesized using the Superscript II reverse 

transcription kit (Gibco-BRL). 0.6pg of mRNA was mixed with 2pg of 20-mer oligo dT 

primer in a total volume of 14.2 pi, heated to 70°C for 6 min and immediately chilled on 

ice water. To this sample, 6 jal of 5x reverse transcriptase buffer, 0.8 pi of dNTPs (25 

mM each of dA, dG, dC, and 10 mM of dT), 3 pi of 0.1 M DTT, 1 pi of RNasin, 3 pi of 

Cy-dUTP and 2pl of SuperScript II reverse transcription (400 units) were added. After a 

2-hour incubation at 42°C, the mRNA was degraded by adding 1.5 pi of 1 M NaOH and 

incubating at 70°C for 10 min, followed by adding 1.5 pi of 1 M HC1 to neutralize the 

sample. The probe was purified by centrifugation in a Centricon-30 micro-concentrator 

(Amicon, MA). The Cy3 and Cy5 probes were then combined, brought to volume of 500 

pi with TE, and concentrated to a volume of lOpl. One pi of mouse COT-1 DNA 

(lOpg/pl), 1 pl of Poly dA (10pg/pl)5 2.6 pi of 20 X SSC (3.5 X final), and 0.45 pi of 

10% SDS (0.3% final) were added to the probes. The sample was denatured by placing 

the tube in a 100°C water bath for 1 min and then cooled at room temperature for at least 

10 min. The hybridization solution was centrifuged for 5 min at 14,000g to pellet any 



particulate matter and then placed onto the center of the array. After carefully applying a 

cover slip over the probe, the slide was placed in a hybridization chamber and incubated 

at 65°C Oven for 16 hrs. In the next morning, the slide was submerged in a washing 

solution (2 X SSC and 0.1% SDS) until the coverslip came off, and then washed for 1 

min in 1 X SSC, and 1 min in 0.2 X SSC. 

The slide was immediately scanned using a ScanArray 4000 scanner (GSI 

Lumonics). Separate images for Cy3 and Cy5 were acquired using ScanArray software 

(version 2.0) and date were analyzed using QuantArray software (version 2.0). Net signal 

was determined by subtraction of the local background from the average intensity for 

each spot. Spots deemed unsuitable for accurate quantitation because of array artifacts 

were excluded for further analysis. Signal intensities between the Cy3 and Cy5 were 

normalized using the public domain EST (accession number: AA021858) as a control 

target element because we knew that the expression of this gene did not respond to ear 

punch in MRL mice. 

Results 

Ear-healing profile in MRL andB6 strain of mice. Figure 1 shows overall wound repair 

profiles in MRL and B6 strains that consist of three healing stages: a) slow initiation 

stage (day 0 to day 5) where there was no significant difference in wound closure 

between MRL and B6 mice; b) fast-healing stage where two strains achieved their 

maximal wound closure (day 5 to day 20) and exhibited a markedly different healing rate; 

c) stabilizing stage where strains had no or limited healing. Thirty days after ear punch, 



MRL completely healed the hole with normal tissue architecture reminiscent of 

regeneration, while B6 healed only 45% of the hole with obvious scar formation (Fig. 2). 

Analysis of genes related to the inflammatory stage of repair. We first examined the 

signal values of non-ear-punched control tissues in MRL and B6 to evaluate gene 

expression levels in accordance with our existing knowledge (Fig. 3). Structural genes, 

such as procollagen type I, elongation factor-1-alpha, and procollegan type III, generally 

have a high expression level. In contrast, the regulatory genes, such as interleukin 4 

receptor and zinc finger protein 147, have a low expression level. Overall gene 

expression detected by the hybridization is consistent with the functional requirement in 

the cells. 

A comparison of gene expression profile from the ear-punched and non-ear- 

punched control tissue revealed that the inflammatory stage of repair is associated with 

the altered mRNA expression of 2.5% genes analyzed in both strains. Of the 8734 mouse 

cDNA clones surveyed in the GEM1 microarray, 54 (0.6%) exhibited a greater than two- 

fold increase in expression levels in both MRL and B6 mice, 113(1.3%) in MRL mice 

only, and 50 (0.6%) in B6 mice only. 

The up-regulated genes after ear punch in both strains fall into 4 main categories 

(Table 1). The first category (class I) contains genes that are involved in inflammatory 

response, including lipocalin 2, hemoglobin a, and glycoprotein 49B. Eight of the genes 

are known to or suspected to fall into this category. The largest differential expression 

between the non-ear punched and ear punched tissue (10.1 -fold in MRL and 11.6-fold in 

B6) in this category was observed for the gene encoding calgranulin A. This is consistent 



with our previous protein expression study using surface-enhanced laser desorption and 

ionization (SELDI) ProteinChip technology in which we also detected that the 

calgranulin A protein level increased by 4-fold 24 hours after ear punch in both MRL and 

B6 mice (manuscript submitted to BBA for publication). The second category (class II) 

contains genes that are involved in wound repair. The gene products in this category 

represent primarily the basic components for tissue re-growth, such as laminin y 2, 

keratin complex 2 gene 6A, and small proline-rich protein 1 A. The third category (class 

III) includes genes that have unknown function or the genes whose known functions are 

not obviously related to wound repair. The last category (class IV), also the largest 

category, contains ESTs, accounting for 57% of the genes displayed a greater than two- 

fold increase in expression in both strains. 

Comparison of gene expression profiles between the MRL andB6 mice. A baseline 

comparison of non-ear-punched tissues showed that only 11 genes or ESTs displayed a 

more than two-fold difference in expression between the MRL and B6 mice. In response 

to the ear punch, none of these 11 genes/ESTs exhibited a greater than two-fold change in 

expression in either MRL or B6 mice. In order to study the genetic basis for difference in 

wound healing between the MRL and B6 strains, we identified the genes in which 

expression level increased by more than two-fold after ear punch in one of the strains but 

not in the other. Table 2 shows the genes that displayed a greater than two-fold increase 

in expression in MRL mice only. Of the 21 known genes, 10 (48%) are known to or are 

most likely to be directly involved in the repair process, such as small proline rich protein 

2 A (construction of cell envelop) and formin binding protein 21 (reorganization of 

10 



cytoskeleton), three of the known genes are related to the inflammatory response, and the 

rest can not be unambiguously classified into either of the groups based on our current 

knowledge, although some of them seem to have an indirect involvement in wound repair 

such as mCDC47 (DNA.replication) and phosphorylase kinase alpha 1 (regulator of 

glycogenolysis). Thus, the expression profile 24 hours after ear punch in MRL was 

dominated by induction of the genes involved in the second phase of wound repair - 

tissue rebuilding. 

Ear punch in B6 induced a transcriptional profile which was different from that of 

MRL. Of the greater than two-fold induction in expression of 18 known genes (Table 3), 

10 (56%) are related to inflammation, such as heparin cofactor II (thrombin inhibition), 

tissue factor pathway inhibitor (regulation of blood coagulation), and secretory 

leukoprotease inhibitor (regulation of inflammation), whereas only 3 are associated with 

tissue rebuilding, and the rest have an unknown function in the wound-repair process. In 

comparison to MRL mice, B6 mice appear to exhibit an excessive response to 

inflammation and a slow response to tissue repair. 

Fifteen genes or ESTs displayed a greater than two-fold decrease in expression in 

MRL mice, but none of the genes decreased more than two-fold in B6 (Table 4). Among 

these genes, the most substantial suppression of gene expression by ear punch was 

selenoprotein P, whose function is still not completely understood, although a function in 

the immune response seems most probable. Ear punch in MRL also decreased the 

expression level of procollagen type I and type III (2.4-fold in both cases), the basic 

components of extracellular matrix. 

11 



Validation oflncyte data with in-house microarray hybridization To investigate the 

reliability oflncyte expression data, we measured the differential expression of 10 cDNA 

clones in response to ear punch of MRL mice using our in-house microarray facilities 

with a different batch of mRNA samples, and compared the fold changes with those 

obtained from the Incyte hybridization. Table 5 shows that the differential expression of 9 

out of the 10 genes (hybridization signal from one gene was not suitable for accurate 

quantitation and was eliminated from data analysis) as determined by the in-house 

hybridization was similar to that observed with the Incyte hybridization. The correlation 

coefficient between the two data sets (fold change) is 0.95 (p<0.01). 

Another line of evidence to support that the Incyte hybridization data make 

biological sense is that many of the differentially expressed genes are localized to the 

wound healing QTL regions identified by McBrearty et al. (1998). These genes include 

esterase 1, deubiquitinating enxyme, eIF-lA, keratin complex 2 gene 6A, lymphocyte 

antigen 6C, metallothionein 1 and 2. 

Discussion 

What molecular mechanisms underlie changes in the rate and quality of wound repair, 

and how these processes can be manipulated by therapeutic intervention represent the key 

questions in the field of mammalian wound repair. Our study was aimed to address the 

first of these questions by examining the gene expression changes during the 

inflammatory stage of repair in two inbred strains of mice with extreme differences in 

wound-healing capacity. Because of the logical connection between the function of a 

12 



gene and its pattern of expression, examination of the gene expression change can infer 

its potential function in wound repair process. 

The first phase of wound healing is the inflammatory phase, which is 

characterized by the hemostasis and initial clean-up (Kunimoto 1999). We chose this 

stage (24 hours after injury) for the gene expression study for our first analysis (studies 

on other stages of wound repair are in progress using our in-house microarray facility) 

because fundamental to our understanding of wound healing mechanisms is a knowledge 

of the signals that trigger cell lineage to proliferate at the wound margin (Martin 1997). It 

is the inflammatory stage of repair that initiates the signaling cascade to start the healing 

process. In addition, reepithelialization of wounds begins within hours after injury, and 

epidermal cells at the wound margin begin to proliferate behind the actively migrating 

cells one day after injury (Singer et al. 1999). Examination of expression profile 24 hours 

after ear punch could reveal the genes involved in early signaling for the release of 

proinflammatory cytokines, and subsequent inflammatory response as well as actual 

repair process. Previous studies have shown that the initial cell response to the injury at 

this stage is crucial to the rate and quality of the overall healing (Shan et al. 1994,1995). 

Of the 54 genes that exhibited a greater than two-fold increase in expression after 

ear punch in both MRL and B6,15 (28%) could be assigned to wound repairing pathways 

based on previously known functions, whereas 39 (72%) have no previously recognized 

roles in wound repair and include genes with known function in other pathways and the 

genes with unknown function or ESTs. The identification of more genes with previously 

unknown function than the genes with known function in wound repair (72% unknown vs 

28% known) suggests that the molecular basis of wound repair may be much more 

13 



complex than we currently understand. Further studies are needed to establish the causal 

relationship between the changes in mRNA levels of these novel genes and rapid wound 

repair. 

With the qualification that many wound healing genes are yet to be identified, the 

most significant observation of this study was the dramatic shift of transcription 

programming from inflammation to repairing at 1 day post-ear punch in MRL mice. A 

comparison of gene expression profiles between MRL and B6 mice (Table 2 and Table 3) 

revealed that the transcriptional events in B6 mice were dominated by expression of 

inflammation-related molecules, indicating a prolonged inflammatory period and delayed 

repairing. In contrast, MRL mice had a repairing molecule-dominated expression profile 

at the same period of time, suggesting a low inflammatory response and an enhanced 

repairing activity. The current study revealed that differential expression occurred as 

early as one day post-ear punch between MRL and B6, if not earlier. The shift of 

expression profile toward the actual repair process in MRL could be primarily 

responsible for its rapid healing phenotype. The key genes regulating this transcriptional 

shift are yet to be determined, although one can speculate on the candidate genes based 

on our previous knowledge. One such a candidate gene is deubiquitinating enzyme (2.5- 

fold increase in expression in MRL only), which has been shown to be involved in the 

control of many intracellular processes, including cell cycle progression, transcriptional 

activation, and signal transduction (D'Andrea 1998). Conjugation to the small eukaryotic 

protein ubiquitin can target protein for degradation, and removal of the ubiquitin 

modification performed by deubiquitinating en2ymes can reverse this process. Therefore, 

deubiquitination is an important mechanism regulating the protein ubiquitination 

14 



pathway. Increased production of deubiquitinating enzyme (UBH1) could change the 

ubiquitination state of an unknown growth regulatory factor, resulting in an increased cell 

growth response. 

Little is known about the genes regulating mammalian tissue regeneration. The 

findings of this study along with previously published observations provide some clues 

that could explain the high quality of healing in MRL mice. A previous study (Abbott et 

al. 1998) showed that the quality of wound healing is closely correlated to the degree of 

inflammatory response. Tight regulation of inflammation is necessary to prevent 

impaired healing during early tissue repair. Thus, the low inflammatory response as 

suggested by decreased expression of inflammatory genes in MRL mice could contribute 

to a better healing quality. Another line of evidence supporting this view is that 

embryonic/fetal wound healing is a kind of regeneration where the inflammation 

response is almost absent in contrast to adult wound healing (Martin 1997). The high 

quality of healing in MRL mice could also be related to its tight regulation of 

extracellular matrix deposition immediately after injury. Shah et al. (1994,1995) have 

demonstrated that the exogenous addition of neutralizing antibody to TGF-ßi orTGF-ß2 

to incisional wounds at the time of wounding or soon thereafter reduced the extracellular 

matrix deposition (collagen type I and III) in the early stages of wound healing, resulting 

in less scar formation and improved quality of healing. Consistent with this result, we 

have observed down-regulation of procollagen type I and III by 2.4-fold in response to 

ear punch in MRL mice only. If the mechanisms underlying the association between the 

reduced extracellular matrix deposition immediately after injury and improved quality of 
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healing could be established, the genetic manipulation of the extracellular matrix 

deposition should provide a potential tool in the treatment of wound repair. 

We recognize that this study may underestimate the number of genes involved in 

tissue repair for the following reasons: 1), we only examined one time point in the 

inflammatory stage, and some changes in expression may occur at an earlier or a later 

stage of the repair process; 2), we used a threshold of > two-fold change in data analysis, 

and some genes that had a small change in expression, such as transcription factors, could 

have a big impact on the downstream reactions; 3), we surveyed 8734 genes in this study, 

representing 8-12% of the mouse genome. However, the expression data presented here 

have been verified by examining representative clones using our in-house microarray 

facilities. The differential expression profiles have provided a logical explanation for the 

difference in wound healing between MRL and B6 mice. Additional genes related to 

wound repair may be discovered by the development of higher density mouse DNA 

microarrays with multiple replicates of each clone on the chip and by the examination of 

gene expression at multiple-time points. 

In summary, although a large number of differentially expressed genes identified 

in this study are ESTs that are not informative in elucidating the molecular mechanisms 

of wound repair in this instance, the data derived from the genes that have a known 

function suggest that the expression profile in MRL mice exhibited a metabolic shift 

toward a lower inflammatory response and an enhanced tissue repair compared to that in 

B6 mice. The trigger for this shift may be pivotal for understanding rapid wound 

repair/regeneration in the MRL strain of mice. 
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Figure legends: 

Fig. 1. Ear healing profile of a 2 mm hole in MRL and B6 inbred strains of mice. The 

healing process can be divided into three phases: initiation phase (I), rapid healing phase 

(II), and stabilizing phase (III). 

Fig. 2. Comparisons of ear-healing rate and quality in MRL and B6 strains of mice. In 

panel A (MRL) and C (B6), photographs were taken immediately after ear punch. In 

panel B (MRL) and D (B6), photographs were taken 30 days after ear punch when MRL 

completely healed the 2 mm hole with normal tissue, while B6 healed 45% of the hole 

with scar tissue. 

Fig. 3. Non-ear-punched signal value plot. Each black circle in the plot represents one of 

the 8734 cDNA elements. Each gray circle represents control element that was used to 

monitor the quality of hybridization. Structural genes tend to have a high signal value 

while regulatory genes tend to have a low signal value. 
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Table 1. Genes in which expression level increased by more than two-fold after ear punch in MRL and B6 mice 

Class*    Gene ID# 
Increase (fold) 

MRL    B6 
CalgranulinA 669813 10.1 11.6 
Hemoglobin a 571819 3.9 3.4 
Lipocalin2 493658 3.7 4.1 
Glycoprotein 49B 820498 3.3 3.1 
Metallothionein 1 480068 2.5 3.3 
Pentaxin related gene 354318 2.5 2.2 
Major histocompatibility gene      329741 2.3 2.8 
Chemokine receptor 2 749361 2.1 2.3 

II Keratin complex 2, gene 6A 335736 4.3 6.2 
II CD53 576862 2.8 2.4 
II Laminin gamma 2 315993 2.8 3.7 
II Lymphocyte antigen 6C 425855 2.5 2.4 
II L-selectin precursor 621878 2.3 2.4 
II Tubulin p-5 chain 333325 2.2 2.2 
II Small proline-rich protein 1A 672405 2.1 3.0 

III Small inducible cytokine A6 575397 3.0 2.8 
III GAPDH 579715 2.4 2.7 
III Secreted phosphoprotein 1 571759 2.3 2.4 
III Erythrocyte protein band 7.2 481880 2.2 2.1 
III Calpactin I heavy chain 420429 2.2 2.2 
III MPSlgene 747364 2.1 2.6 
HI Small inducible cytokine A4 621095 2.1 2.1 
ffl Thymus cell antigen 1 316409 2.1 2.1 

Proposed function References 

IV       31 ESTs" 

Inflammatory cytokine 
Regulating proinflammatory cytokines 
Inflammatory mediator 
Immunoreceptor 
Cellular defense 
Indicator of inflammatory reactions 
Immune response 
Regulator of macrophage trafficking 

Filament protein in stratified epithelia 
Epidermal differentiation 
Epithelial morphogenesis 
Endothelial adhesion 
Intercellular adhesion 
Component of microtubules 
Construction of cell envelopes 

Unknown 
Glycolysis 
Unknown 
Unknown 
Stimulate activity of DNA polymerase 
Spindle assembly 
Unknown 
Unknown 

Kelly et al. (1989) 
McFauletal.(2000) 
Anwaaretal. (1998) 
Matsumoto et al. (1997) 
Van et al. (1999) 
Introna et al. (1996) 
Ohtaetal.(2000) 
Kuziel et al. (1997) 

Ramirez et al. (1998) 
Okochietal.(1997) 
Ekblometal.(1998) 
Hanninen et al. (1997) 
Tamatani et al. (1993) 
Villasanteetal.(1986) 
Kartasovaetal.(1996) 

Not available 
Berry et al. (2000) 
Not available 
Not available 
JindalHKetal.(1991) 
Jones et al. (1999) 
Not available 
Not available 

" Class I contains genes involved in the inflammatory response. Those that trigger the release of proinflammatory cytokines, regulate 
macrophage or that are related to hemostasis and immune response are classified into this group. Class II includes genes directly involved m 
tissue re-growth Those that make the basic components of the cells, extracellular matrix, or that regulate cell differentiation and growth are 
grouped into this class. The genes that do not obviously belong to these two classes are placed in Class III. Class IV contains ESTs. These 
assignment criteria apply to all four tables.b Average increase (fold) for MRL: 3 + 1.40; for B6: 3.2 ± 1.47. Data are expressed as mean ± SD. 



Table 2. Genes in which expression level increased by more than two-fold after ear punch in MRL but not in B6 mice 

Class     Gene 

1 
I 
I 

n 
n 
n 
ii 
n 
II 
II 
II 
II 
II 

m 
in 
in 
in 
in 
in 
in 
in 

ID# 

Heme oxygenase I 
Leucocyte specific transcript 1 
Integrin beta 2 

Small proline rich protein 2A 
Secretory granule proteoglycan protein 
Deubiquitinating enzyme 
IGFBP1 
ERK5 
Formin binding protein 21 
Transcription factor Dpi 
GDF-1 
Myotubularin 
GDAP10 

mCDC47 
EMAPI 
Small inducible cytokine A12 
DNA-binding protein M96 
Basic helix-loop-helix 
Phosphorylase kinase alpha 1 
Hemopoietic cell kinase 
Fragile X MRS 1 homolog 

Increase 
(fold) 

677499 
846366 
808785 

888512 
445929 
443554 
404595 
751560 
658427 
765649 
386194 
765871 
423021 

480852 
669969 
777824 
779876 
419138 
749428 
638455 
638257 

TV       92 ESTs" 

2.2 
2.2 
2.1 

11.8 
2.5 
2.5 
2.2 
2.1 
2.1 
2.1 
2.1 
2.1 
2.1 

2.7 
2.4 
2.4 
2.2 
2.2 
2.1 
2.1 
2.1 

2.3 ± 0.74 

Proposed function References 

Anti-inflammation 
Immune response 
Signaling receptor 

Component of cell envelope 
Regulating extra-cellular matrix 
Cellular growth regulator 
Growth regulation 
Signaling and growth control 
Reorganization of cytoskeleton 
Cell cycle regulation 
Cell growth and differentiation 
Cell growth and differentiation 
Cell differentiation 

DNA replication 
Unknown 
Unknown 
Activation of MT genes 
Transcription factor 
Regulator of glycogenolysis 
Unknown 
Translation or mRNA stability 

Agarwal et al. (2000) 
Holzingeretal.(1995) 
Dib (2000) 

Song et al. (1999) 
Stevens et al. (1989) 
Zhuetal.(1996) 
Rajarametal. (1997) 
English et al. (1999) 
Tanaka (2000) 
Gopalkrishnan (1998) 
Rankin et al. (2000) 
Cuietal.(1998) 
Liu et al. (1999) 

Kimuraetal. (1996) 
Not available 
Not available 
Inouye et al. (1994) 
Miyagishietal. (2000) 
Nadeau et al. (1999) 
Not available 
Siomietal(1996) 

* Data are expressed as mean± SD 



Table 3. Genes in which expression level increased by more than two-fold after ear punch in B6 but not in MRL mice 

Class      gene 

n 
n 
II 

in 
in 
HI 
m 
m 

IV 

ID* 

Heparin cofactor II 693170 
SLPI 638243 
Glutathione-S-transferase 367627 
CD14 antigen 751756 
Tissue factor pathway inhibitor    445829 
Histidine decarboxylase 573039 
Mixed-lineage leukemia 617388 
MyD88 572317 
IL-4 635530 
ATF-2 778942 

Ena-VASP like protein 477177 
Tenascin C 736372 
GDAP2 524541 

UDP-glucose dehydrogenase 523796 
Esterase 1 643854 
eIF-lA 351631 
STAT3 440571 
ADAM 8 582054 

Increase 
(fold) 

33 ESTs" 

11.3 
7.7 
5.7 
4.7 
4.4 
2.8 
2.6 
2.3 
2.2 
2.2 

3.7 
2.7 
2.4 

6.5 
2.7 
2.4 
2.2 
2.1 

3 ±1.31 

Proposed junction References 

Thrombin inhibition 
Regulation of inflammation 
Antioxidant 
Pro-inflammatory responses 
Regulation of blood coagulation 
Synthesizing inflammatory mediator 
Macrophage differentiation 
Adaptor for proinflammatory cytokine 
Immune response 
Stress response 

Cytoskeletal reorganization 
Cell differentiation 
Cell differentiation 

Glucose metabolism 
A serine hydrolase 
Translation initiation 
Intracellular signaling molecule 
Cell-cell fusion 

Baumanetal.(1999) 
Nguyen et al. (1999) 
Hochman et al. (2000) 
Gregory (2000) 
Ho et al. (2000) 
Trowbridge et al. (1997) 
Caslini et al. (2000) 
Adachi et al. (1998) 
Gessneretal. (2000) 
Fuchs et al. (2000) 

Fedorov et al. (1999) 
Mackie (1997) 
Liu et al. (1999) 

Lindetal. (1999) 
Uphoffetal.(1993) 
Chaudhuri et al. (1999) 
Stromberg et al. (2000) 
Huovila et al. (1996) 

■Data are expressed as mean ± SD 



Table 4. Genes in which expression level decreased by more than two-fold after ear punch in MRL but not in B6 mice 

Class     Gene 

I 

1D#         Decrease      Proposed function 
(fold)  

References 

Selenoprotein P 777018 2.5 Immune response Ebert-Dumigetal.(1999) 

II        Procollagen, type I 536306 2.4 Component of extracellular matrix      Shah et al. (1995) 
H       Procollagen, type III       420322 2.4 Component of extracellular matrix     Shah et al. (1995) 

HI       Metallothionein 2 643725 
III Latexin 476369 

IV 10 ESTs* 

2.3 Metal homeostasis Vasaket al. (2000) 
2.1 Carboxypeptidase A inhibitor Uratani et al. (2000) 

2.2 ±0.09 

* Data are expressed as mean ± SD 



Table 5. Comparison of differential gene expression (MRL ear-punched vs MRL non-ear-punched) between the Incyte 
hybridization and in-house hybridization 

Gene ID# Incyte 
Fold change 

ln-house (mean+SD)'1 

Procollagen, type I 

Procollagen, type III 

Selenoprotein P 

Metallothionein 2 

Public domain 

536306 

420322 

777018 

643725 

637305 

-2.4 

-2.4 

-2.5 

-2.3 

-2.2 

-3.2±0.67 

-2.8±0.72 

-3±0.63 

-1.5±0.27 

-1.4±0.4 

Small proline-rich 
protein 2A 
EST 

888512 

404198 

11.8 

8.5 

5.9±2.3 

5£2.1 

Secretory granule 
proteoglycan protein 

EST 

445929 

480697 

2.5 

3 

3.3±0.9 

2.2±1.0 

1 Means were calculated from 7 to 10 replicates 
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Summary 

Wound repair/regeneration is a genetically controlled, complex process. In order 

identify candidate genes regulating fast wound repair/regeneration in soft-tissue, the 

mporal protein profile of the soft-tissue healing process was analyzed in the ear- 

punched tissue of regeneration strain MRL/MpJ-Fas1*» (MRL) mice and non-regeneration 

strain C57BL/6J(B6) mice using surface-enhanced laser desorption and ionization 

(SELDI) ProteinChip technology. Five candidate proteins were identified in which 

responses of MRL to the ear-punch were 2-4 fold different compared to that of B6. Their 

corresponding genes were predicted using an antigen-antibody assay validated mass- 

based approach. Most of the predicted genes are known to play a role or are likely to play 

a role in the wound repair/regeneration. Of the five candidate proteins, the amount of the 

23560 Dalton protein in the ear-punched tissue was significantly correlated with the rate 

of ear healing in six representative strains of mice, making it a good candidate for fast 

wound repair/regeneration. We speculate that the increased concentration of the 23560 

Dalton protein in the wound tissue could stimulate the expression of various growth- 

promoting proteins and consequently speed up the wound repair/regeneration processes. 

Here, we have shown that examination of protein expression profile using SELDI 

technology, coupled with database search, is an alternative approach to search for 

candidate genes for wound repair/regeneration. This novel approach can be implemented 

in a variety of biological applications. 



1.   Introduction 

It has been suggested that regeneration in amphibians is a fundamental property of 

vertebrate ancestors related4o embryogenesis, which hasbs^ffiB^yJo^™* 

vertebrate species [1-3]. Given the fact that urodeles have retained this ancestral property, 

it is possible that some of the mammalian species might retain the potential for tissue 

regeneration. The possibility has been strengthened by a recent report that MRL/MpJ- 

Faslpr (MRL) mouse, unlike all other strains of mice tested including C57BL/6 (B6), 

displays a remarkable capacity for rapid and complete ear wound closure that resembles 

regeneration [4]. The regeneration of ear tissue, which consists of several major cell types 

including chondrocyte, chondroblasts, dermal cells, and fiberblasts in MRL mice was 

indicated by the presence of normal dermal regrowth with organized extracellular matrix 

deposition, normal vasculature, and cartilage regrowth, and absence of scar formation. In 

contrast, the 2 mm ear hole in B6 mice only healed about 50% with disorganized 

extracellular matrix deposition, obvious scar formation, and without cartilage 

regeneration. Further studies have shown that the healing capacity of MRL is a heritable 

quantitative trait and genes regulating the phenotype are mapped to five quantitative trait 

loci (QTL) regions [5]. The remarkable capacity for ear tissue regeneration of MRL mice 

makes them ideal models to study the molecular mechanisms that underlie tissue 

regeneration and to explore the potential of genetically manipulating regeneration in 

mammalian tissue that do not naturally regenerate. 



Many traditional methods such as differential screening, differential display, 

subtraction hybridization, sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), and two dimensional gel electrophoresis have been used to study the 

molecular basis of the tissue regeneration/wound repair [1, 6-7]. However, due to the 

sensitivity of the assay, the scale of the analysis, and the amount of effort involved, 

power of these methods is limited. A more efficient and comprehensive approach is 

needed to broaden and complement our limited knowledge on the molecular basis 

underlying the wound repair/regeneration in this newly identified murine model. 

One powerful approach is the recently developed cDNA microarray technology 

which has been successfully used to study global changes in gene expression in response 

to a variety of physiological and pathological perturbation (8). Proteins translate mRNA 

sequence information into function, enabling biological processes. As a complementary 

approach to gene expression profiling on cDNA microarray, in this study we employed 

the SELDI ProteinChip technology to determine the differential protein expression 

profile between MRL and B6, the strains with extreme phenotype in the capacity for 

wound repair/regeneration. The SELDI ProteinChip array (Ciphergen Biosystems, Palo 

Alto, CA, USA) is able to determine molecular mass with deviations of less then 0.2% 

(200 ppm), to detect a few femtomoles of protein, and to estimate the amount of hundreds 

of proteins simultaneously [9-13]. These features have made it feasible to examine the 

protein profile from the crude protein extract in response to ear-punch between MRL and 

B6. Here, we will report the differential protein expression profile between the two 

strains and describe the candidate gene selections with the aid of database search. This 



survey provides insight not only into a general picture of wound healing process in MRL 

and B6 strains, but also provides several specific target genes that merit further 

investigation. 

2. Materials and methods 

2.1. Animals 

Four-week old MRL/MpJ-Faslpr and C57BL/6 female mice were obtained from 

the Jackson Laboratories (Bar Harbor, ME) and housed at the Animal Reserach Facility, 

Pettis VA Medical Center, Loma Linda, CA under conditions of 14 h light, 10 h 

darkness, ambient temperature of 20° C, and relative humidity of 30-60%. Experimental 

animal procedures performed in this study have been approved by the Jerry L Pettis 

Memorial VA Medical Center, Loma Linda, CA. 

2.2. Ear punch, tissue collection and protein extraction 

Experimental procedures used in this study are outlined in Figure 1. Briefly, one 

week after animals arrived, three 2 mm through-and-through holes in diameter were 

made in both ears of mice using a metal ear punch (Fisher Scientific, Pittsburgh, Catalog 

No. 01-337B). A 4 mm square disc of ear tissue which contained the punched hole was 

isolated using scissors 1 day, 5 days, 10 days, or 20 days after ear punch. The equivalent 

amount of ear tissue was also isolated from the non-ear-punched control mice. The tissue 



was immediately put into liquid nitrogen until use. Total proteins were extracted in a       , 

buffer containing 50mM Tris, 5% glycerol, lOOmM KC1,1% Triton X-100,2^/ml 

leupeptin, lO^g/ml aprotinin, 10ug/ml soybean trypsin inhibitor, and 7ul/ml ß-ME. Total 

^pn^mc^x^^y^^E^^P.^ using Bio-Rad Protein Assay reagent 

(Bio-RAD,Cat# 500-0006). 

2.3. SELDIProteinChip analysis 

H4 (aliphatic hydrophobic), NP (normal phase), SAX2 (strong anion exchange), 

IMAC3 (immobilized metal affinity chromatography), and WCX2 (weak cation 

exchange) ProteinChip arrays were used for the analysis (each kind of chip has aunique 

property to bind to a certain group of proteins. The combination of data from several 

chips is necessary for generating a comprehensive protein profile). Detailed protocol for 

individual arrays was based on the manufacturer's instruction (Ciphergen Biosystems, 

Inc. Palo Alto, CA). Below is a general procedures for chip analysis: (1) wash the chip 

with a proper buffer just before use; (2) remove excess buffer from spots; (3) load lug 

total protein (1 ug/ul), containing 200pg myoglobin and 200pg ß-lactoglobulin H as an 

internal control, onto the chip; (4) incubate in a moist chamber and shake at room 

temperature for Ih; (5) wash each spot with 5ul of buffer, followed by a water wash. 

Wipe dry around spots; (6) add 0.5ul of energy absorbing molecules, either CHCA (a- 

cyano-4-hydroxy cinnamic acid) or SPA (sinapinic acid) prepared in an aqueous solution 

containing 50% acetonitrile and 0.5% trifiuroacetic acid to each spot. Air dry; (7) analyze 

chip using SELDI ProteinChip System (PBS-I, Ciphergen). Data were collected using 



laser intensity 15%, 30% and 80%; (8) normalize data and calibrate mass with internal 

standards before making a comparison between spots. 

2.4. Antibody-antigen assay 

The monoclonal antibody Mac 387 (DAKO, Denmark) was concentrated to 

0.4mg/ml using Centricon YM-30 (Millipore) and equilibrated with 1 X PBS. 2ul of 

Mac 387 or anti-osteocalcin control antibody was added to the spots of a pre-activated 

PS-1 chip and incubated in a humidity chamber for 2 hrs at room temperature. The 

residual active sites on the spots were blocked by incubating with 4 ul of 1 M 

ethanolamine (pH 8) in 1 X PBS for 30 min, followed by washing the entire chip with 

0.05% Triton X-100 in PBS for 5 min, 0.5 M NaCl in 0.1 M sodium acetate (pH 4.5) for 

10 min, and 0.5 M NaCl in 0.1 M Tris (pH 8) for 10 min (12, 13). After rinsing the chip 

with 1 X PBS, 2 ul of ear-punched protein extract was added to the spots containing the 

covalently bound antibody, and incubation continued for 1 hr at room temperature in the 

humidity chamber. The chip was then washed with 0.05% of Triton X-100 in PBS for 5 

minutes, 1% of Triton X-100 in PBS for another 5 minutes, and finally rinsed with water 

before adding the energy absorbing molecule CHCA to read the array. 

3. Results 

3.1. Precision ofSELDI ProteinChip analysis 



Because the SELDI ProteinChip array is a new technology, we first tested the 

precision of the measurements (protein mass and concentration) to determine its 

suitability for the proposed study. Eight major proteins within the 20,000 Dalton range 

were used to evaluate average measured mass and their coefficient of variation over 8 

spots on IMAC3 array. Table 1 shows that the coefficient of variation for protein mass 

varied from 0.05% to 0.4%. The average CV for eight proteins analyzed is 0.17%. This 

precision makes it possible to pick up a single amino acid difference or post-translational 

modification, such as phosphorylation, glycosylation or methylation, depending on the 

total mass of the measured protein. Variation for peak height, representing the amount of 

protein, ranged from 4% to 20%. The average CV is 14%. This parameter has been used 

as a threshold in the data analysis. Potential variation in the precision of the 

measurements between the different arrays was also tested. Of the five major proteins 

detected within the 20,000 Dalton range on H4 arrays, CV for protein mass varied from 

0.1% to 0.4% (average 0.18%), CV for protein concentration varied from 10% to 20% 

(average 16%). Therefore, the precision for the measurements between the IMAC3 and 

H4 arrays was similar. 

3.2. Differential protein expression profiling in the MRL andB6 strains of mice 

Based on the wound healing process, the comparison was made at five time 

points: day 0 (before ear punch), day 1 (inflammatory phase), days 5 & 10 (proliferative 

phase), and day 20 (matrix remodeling phase). Due to the limited tissue from an 

individual mouse, proteins were pooled from the same strains after we confirmed that the 



variation in protein profile between the mice was within the range of the precision of the 

SELDI measurement (data not shown). 

Fignre 2 shows the comparison of protein profiling between the day 1 ear- 

punched tissue and non-ear-punched control (data were combined from the different 

chips of MRL and B6). Of the 219 proteins defected within the range from 5kDa to 

20kDa, 29 proteins (13%) were suppressed and 21 proteins (9%) were stimulated in 

response to the ear punch. The dramatic change in protein profile after ear punch is in 

agreement with our understanding that the healing of a wound requires the collaborative 

efforts of many different tissues and cell lineages. 

The comparison of protein profiling between B6 and MRL mice revealed that at 

least five proteins exhibited more than two-fold changes in expression (Figure 3). Of the 

five proteins, Ute expression level of 4 proteins a. day 1 increased while one decreased 

compared to day 0 in both strain, However, the magnitude of change was greater in 

MRL for three proteins (panel C, D, E). At day 5, three of the proteins renamed to base 

fine in MRL, still suppressed or stimulated in B6 (panel A, B, and C). If these proteins 

„ere stress-related, this would suggest that MRL is more stress-resistant than B6. Two of 

«he five proteins (panel D and E) were expressed at a higher level in MRL over all time 

points after ear punch compared to B6, suggesting that they may be functionally related 

to the ear regeneration phenotype. 



3.3. Candidate gene selections based on the mass of differentially expressed proteins 

The SELDI system (PBS-1) is able to determine molecular mass with deviations 

of less than 0.2% (200 ppm). With further calibration using internal protein standards, we 

can determine the mass of a given protein with reasonably high accuracy. Based on the 

precision of mass determinations, the Tagldent tool was used to search for proteins that 

match the measured molecular mass with a variation of 0.175% (This was the average 

CV for protein mass analyzed in this experiment) of the five interesting proteins (Figure 

3) that have shown differential expression between MRL and B6. Seven mouse proteins 

were identified and their corresponding genes and chromosomal locations were 

summarized in Table 2. Of the five proteins, the 14300 Dalton protein did not match any 

known mouse protein. This could be a novel protein yet to be identified or a known 

protein with post-translational modifications specific for the wound repair process. The 

23560 Dalton protein matched 3 known proteins, one of which interestingly, RAS-related 

protein RAB-8, is localized to the soft-tissue regeneration QTL region (5). 

3.4. Antigen-antibody assay to validate the predicted calgranulin A 

The 10170 Dalton protein was predicted to represent calgranulin A. An anti- 

calgranulin A monoclonal antibody (Mac 387) was immobilized covalently on the 

surface of the PS-1 ProteinChip array and used to test if the 10170 Dalton protein could 

be captured on the array (Our choice for calgranulin A was based on the availability of 

the monoclonal antibody for this protein). Figure 4 shows that the 10170 Dalton protein 
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was absent before ear punch in MRL strain of mice (Fig 4A), stimulated one day after ear 

punch (Fig 4B), and captured on the anti-calgranulin A-PS1 surface (Fig 4C). One 

additional protein with molecular mass of 13089 Dalton was also detected on the anti- 

calgranulin A-PS1 surface, the identity of which is unknown. When the irrelevant anti- 

osteocalcin antibody was applied to the PS1 surface, no predominant capture was 

observed (Fig 4D). These results strengthen the suitability of the mass-based gene 

prediction approach. 

3.5. The amount of 23560 Dalton protein was associated with the rate of ear healing 

The 23560 Dalton protein was expressed in non-ear-punched tissue at a low level 

in both MRL and B6. After ear-punch, the relative concentration of this protein was 

dramatically increased and maintained at a high level over 10 days in MRL mice. 

However, expression in B6 was increased to a lesser extent and returned to the base line 

much quicker than MRL. As shown in Table 3, the level of 23560 Dalton protein in MRL 

was twice as much in B6 before ear-punch, and was four-fold higher 10 days after ear- 

punch as determined by peak area. 

We further investigated the functional significance of 23560 Dalton protein by 

testing the relationship between the amount of this protein and the rate of ear healing in 

six strains of mice that represent a wide range of ear healing capacity. Results showed 

that the good healers consistently had a higher concentration of the 23560 Dalton protein 

in the ear punched tissue compared to the poor healers (Table 4). The correlation 
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coefficient between the size of the residual hole and the amount of this protein is -0.85 

(PO.01). Furthermore, the differences in the level of 23560 Dalton protein between 

MRL and B6 mice over the time course were closely correlated with the differences in 

the healing rate at the early time points. The correlation coefficient between the ratio of 

this protein leveUMRL/B6) and the ratio of the hole size (MRL/B6) is -0.94 (PO.01). 

4. Discussion 

To examine the molecular events associated with the ear tissue repair/regeneration 

and identify candidate genes responsible for fast wound repair/regeneration in MRL 

mice, we used the SELDI technology to define the translational response to ear punch in 

MRL and B6 mice. Our choice of the technology was guided by the facts that 1) protein 

is the final functional unit, not the mRNA; 2) SELDI is able to perform differential 

protein profiling with high sensitivity. Our choice of the mouse strains was based on the 

fact that the MRL and B6 exhibited large differences in the rate and quality of the ear 

wound healing (see introduction) and were used for the QTL mapping of soft-tissue 

regeneration. Thus, examining the physical positions of candidate genes, using the 

information provided by the QTL mapping, can further strengthen the candidacy selected 

by the differential protein expression. 

We have now shown that the substantial number of proteins responded to the ear 

punch after 24 hrs of injury and the response eased to a great extent five days later (data 

not shown). One day after ear punch represents the inflammatory phase of wound 
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healing, which is characterized by the processes of hemostasis and initial clean-up. 

Proteins active at this stage are likely involved in inflammation as well as the early stage 

of wound healing process (6). Dramatic alterations in protein levels one day after ear 

punch support the histological observation that wounding healing is a dynamic and 

interactive process [14]. 

In addition to identifying large number of genes that responded to the initiation of 

wound healing, we also identified a small subset of genes that comprise a highly specific 

molecular response related to fast wound repair/regeneration in MRL mice. Five proteins 

were expressed at a greater than two-fold difference between the 2 strains of mice five 

days after ear punch. This time point represents the early stage of the second phase of the 

wound healing process where cells actively rebuild the injured tissue by way of formation 

of granulation tissue, movement of macrophage, fibroblasts and blood vessels into the 

wound space (6). The difference in amount of these proteins at this stage could result in a 

functional alteration in wound repair/regeneration. A small number of differentially 

expressed proteins indicate that a better healing capacity of MRL is unlikely to be due to 

large, wide-spread alterations in protein expression. 

We developed a protein mass-based, and database search-mediated approach to 

predict the candidate genes of those differentially expressed proteins. The feasibility of 

this candidate gene selection approach was strengthened by the antigen-antibody assay in 

which 10170 Dalton protein, predicted to be calgranulin A, was captured on the anti- 

calgranulin A-PS1 array. Review of the possible function of the predicted genes suggests 
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that most of the genes play or have the potential to play a role in the wound healing 

process. The assignment of the identified, unknown proteins, that are most likely 

controlling fast wound repair/regeneration, to candidate gene/genes could facilitate the 

evaluation of these differentially expressed proteins. 

The differentially expressed protein that has a molecular mass of 23560 Dalton is 

particularly interesting. Presence of this protein at low level before ear punch and up- 

regulation over ten days after ear punch strongly suggest that this is not a stress induced 

protein. We speculate that this protein may play an important role in wound 

repair/regeneration based on following: 1) the expression level of the 23560 Dalton 

protein was stimulated 7 times one day after ear punch in MRL and was 4 times higher in 

MRL than in B6 at day 10; 2) one of the three predicted genes for the 23560 Dalton 

protein (based on mass) was the RAS-related protein RAB-8 which was localized in the 

soft-tissue regeneration QTL region. Furthermore, it is well documented that the RAS- 

related proteins play an important role in the control of cellular proliferation and 

coordinate multiple growth-promoting proteins [15-17]; 3) and more importantly, the 

expression level of the 23560 Dalton protein was functionally correlated with the rate of 

ear healing in six representative strains of mice. If the 23560 Dalton protein does 

represent the RAS-related protein RAB-8, it is possible that the increased concentration 

of RAB-8 in the wound tissue would trigger expression of various growth-promoting 

proteins and consequently speed up the wound repair/regeneration processes in MRL 

mice. 
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re 

o 

The data presented here provide the first "global" assessment of the wound 

healing process at protein level. However, it is important to point out that the SELDI 

ProteinChip system has its limitations. First, abundantly expressed proteins are more 

likely to bind to the surfaces. Some of the regeneration/wound repair proteins are 

expressed at alow level, and could not be identified in the assay or could not be 

confidently analyzed due to the instrument's precision in determining quantity 

(CV=14%). Secondly, the system can detect small proteins more efficiently than large 

proteins. Most proteins analyzed in this study ranged between lOkDa to 30kDa, which 

present only a small fraction of total proteins in the cells. This could be due to a number 

f possibilities, including the limitation in detecting larger proteins, the procedure used 

for protein extraction (availability of extractable proteins), and solubility of proteins in 

the assay buffer. In future experiment, prefractionation of the tissue extracts should be 

considered to reduce the complexity of the samples so that more proteins could be 

detected from the ProteinChip surfaces. Additional proteins/genes involved in wound 

repair/regeneration would be discovered with the development of new ProteinChip array 

with higher binding capacity, sensitivity, and selectivity. In situ (on the array surface) 

evaluation of the identity of the differentially expressed proteins is a major task still 

ahead for this assay. However, its ability to determine protein mass and to quantify the 

hundreds of proteins simultaneously offers a powerful tool to examine differential protein 

profile with greater precision and less effort compared to other traditional methods. 

15 



Acknowledgements 

This work was supported by Assistance Award No. DAMD17-99-1-9571. The 

U.S. Army Medical Research Acquisition Activity, 820 Chandler Street, Fort Detrick 

MD 21702-5014, is the awarding and administering acquisition office. The information 

contained in this publication does not necessarily reflect the position or the policy of the 

Government and no official endorsement should be inferred. The authors would like to 

thank Melanie Hamilton-Ulland and Mary Stover for their excellent technical support, to 

James LeBlanc, Ph.D (Ciphergen Biosystems) for his technical advice and critical 

comments on the manuscript. 

References 

[1] R.J. Goss, Getting to mammalian wound repair and amphibian limb regeneration: a 

mechanistic link in the early events, Wound Rep. Reg. 4 (1996) 190-202. 

[2] R.J. Goss, Why mammals do not regenerate - or do they? News in Physiol. Sei. 2 

(1987)112-115. 

[3] R.J. Goss, The evolution of regeneration. Adaptive or inherent? J. Theor. Biol. 159 

(1992)241-260. 

[4] L.D. Clark, R.K. Clark, E. Heber-Katz, A new murine model for mammalian wound 

repair and regeneration, Clin. Immunol. Immunopathol. 88 (1998) 35-45. 

[5] B.A. McBrearty, L.D. Clark, X.M. Zhang, E.P. Blankenhorn, E. Heber-Katz, Genetic 

analysis of a mammalian wound-healing trait, PNAS 95 (1998) 11792-11797. 

16 



[6] B.T. Kunimoto, Growth factors in wound healing: the next great innovation? 

Ostomy/Wound Management. 45 (1999) 56-64. 

[7] D.L. Stocum, Tissue restoration: approaches and prospects, Wound Rep. Reg. 4 

(1996) 3-15.      

[8] P.O. Brown, D. Botstein, Exploring the new world of the genome with DNA 

microarrays, Nature Genetics 21 (1999) 33-37. 

[9] H. Kuwata, T.T. Yip, M. Tomita, T.W. Hutchens, Direct evidence of the generation 

in human stomach of an antimicrobial peptide domain (lactoferricin) from ingested 

lactoferrin, Biochim Biophys Acta 1429 (1998) 129-41. 

[10] H. Kuwata, T.T. Yip, C.l. Yip, M. Tomita, T.W. Hutchens, Direct detection and 

quantitative determination of bovine lactoferricin and lactoferrin fragments in human 

gastric contents by affinity mass spectrometry, Adv Exp Med Biol. 443 (1998) 23-32. 

[11] H. Kuwata, T.T. Yip, C.L. Yip, M. Tomita, T.W. Hutchens, Bactericidal domain of 

lactoferrin: detection, quantitation, and characterization of lactoferricin in serum by 

SELDI affinity mass spectrometry, Biochem Biophys Res Commun. 245 (1998) 764-73. 

[12] E.R. Frears, D.J. Stephens, C.E. Walters, H. Davies, B.M. Austen, The role of 

cholesterol in the biosynthesis of beta-amyloid, Neuroreport 10 (1999) 1699-705. 

[13] H. Davies, L. Lomas, B. Austen, Profiling of amyloid ß peptide variants using 

SELDI ProteinChip arrays, BioTechniques 27 (1999) 1258-1261. 

[14] A.J. Singer, R.A.F. Clark, Cutaneous wound healing, The New England Journal of 

Medicine 341 (1999) 738-746. 

[15] M.V. Blagosklonny, A node between proliferation, apoptosis, and growth arrest, 

Bioessays 21 (1999) 704-709. 

17 



[16] F. McCormick, Ras-related proteins in signal transaction and growth control, Mol. 

Reprod. Dev. 42 (1995) 500-506. 

[17] A. Wittinghofer, N. Nassar, How Ras-related proteins talk to their effectors, Trends 

in Biochemical Sciences 21 (1996) 488-491. 

18 



Figure legends 

Fig.l. Diagramof experimental procedures (for details, see methods). 

Fig. 2. Comparison of protein profiling between non-ear-punched and ear-punched 

tissues. The numbers on the X axis indicate protein mass and on the Y axis indicate peak 

height (percent of full scale) representing the protein concentration. Diamonds on the X 

axis indicate that there is more than one protein located at this position, which were 

automatically determined by the ProteinChip™ software (Version 2.0, Ciphergen). 

Vertical lines in the field represent individual proteins. Top panel: combined protein 

profiles of non-punched MRL and B6 mice; Middle panel: combined protein profiles of 

MRL and B6 one day after ear punching; Bottom panel: the upper part represents the 

proteins only present in the combined non-punched control compared to the ear-punched 

tissue, the lower part indicates the proteins only present in the combined tissues one day 

after ear punch compared to the non-punched control (the negative values on the Y axis 

only indicate direction and do not mean down regulation). 

Fig. 3. Temporal expression profiles of five selected proteins in MRL and B6 mice. X 

axis indicates the time after ear punch (day 0 designates the time point before ear punch) 

and Y axis indicates the peak height (percent of full scale), which represents protein 

concentration. 
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Fig. 4. Calgranulin A from the extract of ear-punched tissue captured by the monoclonal 

antibody Mac 387 covalently bound to pre-activated ProteinChip array. The numbers 

next to the peak indicate the molecular mass ofthat protein. A: protein profile from the 

non-ear-punched MRL control extract on IMAC3 array in which the 10170 Dalton 

protein was not detectable; B: protein profile from the MRL extract 1 day after ear punch 

on IMAC3 array in which the 10170 Dalton protein was present; C: protein profile from 

the MRL extract 1 day after ear punch on the anti-calgranulin A PS1 chip in which the 

10170 Dalton protein was captured by monoclonal antibody MAC 387. The 13089 

Dalton protein appears to cross-react with monoclonal antibody MAC 387 used in this 

study; D: protein profile from the MRL extract 1 day after ear punch on the anti- 

osteocalcin PS1 chip in which neither the 10170 nor 13089 Dalton protein was captured. 
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If16 1  ■ -nn nf the SELDI instrument for measurement of protein mass and concentration 1 ng 

hpipht represents the amount of protein retained on the chip. 
 '     " Mass 

Protein 

T 
2 
3 
4 
5 
6 
7 

Internal control 

(Daltons) 
CV% 

5062 ± 23 
7482 ±15 
9332 ±20 
10163 ±23 
13086 ±18 
15053 ±29 
15824 ±24 
17136±10 

0.4 
0.2 
0.2 
0.2 
0.1 
0.1 
0.1 

0.05 

Concentration 
(peak height) 

76 ±10 
78 ±13 
41 ±5 
55±2 

59 ±12 
72±7 
46 ±9 
54 ±10 

CV% 

14 
16 
14 
4 
20 
9 
19 
19 

Values are mean ± SD (n-8) 



Candidate gene selections based on the predicted protein mass. Bolded gene 
is localized in the soft-tissue regeneration QTL region. 

Protein Mass 
(Dalton) 

4837 

10170 

13017 

14300 

23560 

Predicted genes 

Neuronatin 

Calgranulin A 

Lymphocyte 
Antigen 6, locus F 

Growth 
Differentiation 

factor 3 

N/A 
Ras-related 

Protein RAB-8 

Mad4 

Ras-related Protein 
RAB-7 

Chromosomal location 
Chromosome #    cM Position 

Unkown 

88 
Syntenic to 

human lq21 

58 

33 

20 

37 



The'reLve concentration of the 23560 Dalton protein at different time points after 
earpunch in MRL and B6 mice, determined by peak area and peak height- 

Time point 

DayO 
Day 1   * 
Day 5 
Day 10 

MRL 
Peak Area     Peak Height 

2403 
16260 
9290 
6985 

1.9 
12.5 
6.8 
5.1 

Relative Protein Concentration 

B6 
Peak Area     Peak Height 

1177 0.6 
7389 2.7 
2713 1.8 
1834 1-3 

MRL/B6 
Peak Area     Peak Height 

2 
2.2 
3.4 
3.8 

3.1 
4.6 
3.7 
3.9 



Table-4     -->—    — —    ■— — 
The relationship between the concentration of 23560 Dalton protein and 
the rate of ear healing in six representative strains of mice. The 
concentration, as measured by peak height, was determined one day 
after ear punch and ear hole size was measured 20 days after ear punch. 
 ■ ~        ~     ~B~älb/c^^ Strain 

Hole Size (mm) 

Peak Height 

MRL      CBA C3 

0.025 

10 

0.358 

3.5 

0.81 

1.3 

SJL 

T49" 
0.4 

1.6 

0.5 

B6 

TOT 
2.2 
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Abstract. Bone strength is an important clinical endpoint of osteoporosis research. The 

evaluation of the relative importance of bone and muscle components to bone strength 

has widespread implications for the understanding, and prevention of osteoporosis. The 

objectives of this study were to understand the inter-relationship between the different 

components of the muscular skeletal system and to determine the effect of forearm 

muscle size, forelimb grip strength, forearm bone mineral density (BMD), and forearm 

bone size on the humerus breaking strength among 10 inbred strains of mice. The 

forearm muscle size was measured using a peripheral quantitative computed tomography 

(pQCT). The forearm BMD and forearm bone size were measured using a PIXIMUS 

Densitometer. The forelimb grip strength and humerus breaking strength were measured 

using an Instron Mechanical Tester. Significant correlations were found among the five 

regional phenotypes. All variables have a moderately high genetic component with 

heritability estimates of 0.83 for forelimb grip strength, 0.76 for forearm muscle size, 0.6 

for forearm BMD, 0.63 for forearm bone size, and 0.68 for humerus breaking strength. 

Forward stepwise multi-regression analysis showed that the forearm, forelimb grip 

strength, and forearm bone size were three major determinants to bone strength and 

explained 61% of variation in bone breaking strength. These data suggest that evaluation 

of these three parameters together, rather than BMD alone, is a more effective, 

noninvasive approach for predicting fracture risk. 

Key words: Muscle size - Muscle strength - Bone density - Bone strength - Bone size 



Introduction 

A relationship between muscle and bone systems in humans has been extensively studied 

in an attempt to find theoretical grounds for the treatment and prevention of osteoporosis 

[1-8]. However, in the analyses of human subjects, a direct measure of bone breaking 

strength is not feasible. This has posed a technical difficulty to quantitatively evaluate the 

relative importance of bone and muscle components in affecting bone strength, an 

ultimate predictor of the risk of osteoporosis. 

It is now widely recognized that many human diseases can be modeled in mouse. Studies 

have been carried out in mice to examine the relationship between bone density and grip 

strength, muscle size, and bone strength [9,10]. These analyses mainly focused on bone 

density as a primary parameter. The knowledge on the relative importance of regional 

bone- and muscle-related parameters to bone strength is limited. 

In this study, we used five regional bone and muscle phenotypes, including forearm 

muscle size, forelimb grip strength, forearm bone mineral density (BMD), forearm bone 

size, and humerus breaking strength, to evaluate the fundamental relationship between 

bone and muscle systems and to determine the quantitative effect of these regional 

phenotypes on bone strength among 10 inbred strain of mice. We hypothesized that other 

regional phenotypes, such as muscle size and muscle strength, would have considerable 

contribution to bone strength in addition to bone size and bone density. 



Materials and methods 

Animals 

Ten inbred strains of mice (129J, CBA/J, FVB/NJ, LG/J, LP/J, NZB/BINJ, RIIIS/J, 

SENCAR/PtJ, SJL/J, SWR/J,) were selected from subgroups of the major inbred strains 

representing as diversified genetic origin as possible. Three female mice of each strain 

were obtained from The Jackson Laboratory (Bar Harbor, ME). The animals were housed 

at the Animal Research Facility, VA Medical Center, Loma Linda under conditions of 14 

h light, 10 h darkness, ambient temperature of 20° C, and relative humidity of 3 0-60%. 

The animals were six months old when the experiment was carried out. Experimental 

animal procedures performed in this study have been approved by the Animal Studies 

Subcommittee of the Jerry L. Pettis Memorial VA Medical Center, Loma Linda, CA. 

Forelimb grip strength 

An Instron DynaMight Low-Force Testing System (Instron Corporation, Canton, MA) 

was used to measure the forelimb grip strength in vivo. A metal bar (2mm in diameter 

and 8 cm in length) was attached to the Instron machine force transducer. The mouse was 

grasped at the base of the tail and lowered vertically toward the bar. When two paws 

were grasping the bar, the mouse was pulled slightly backwards from the tail (very 

gently). This triggered a "counter-pull" from the mouse. A computer recorded grasping 



force in gram at 0.01-second intervals. The maximum force (gram) exerted by the mouse 

as it resisted being pulled off the bar was identified and taken as the measure of forelimb 

grip strength. All mice were tested twice a day (about 10am and 3pm) for 4 consecutive 

days. No significant difference was found between the morning and afternoon 

measurement or between the consecutive days. Mean of measurements for each mouse 

was used. 

Humerus breaking strength 

Both humeri were dissected, cleaned and then subjected to strength measurement by three 

point bending using an Instron Mechanical Tester with a constant span length of 2 mm 

and a constant speed of lOmm/min. The press head, as well as the two support points, 

was rounded to avoid shear load and cutting. The bone was positioned horizontally with 

the anterior surface upwards, centered on the supports, and the pressing head was 

directed vertically to the midshaft of the bone. Humerus strength was defined as the 

maximum force (Newton) at failure. A computer automatically recorded the breaking 

force profile and the maximum force was used for data analysis. 

Forearm BMD 

A PIXIMUS™ Densitometer (LUNAR Corporation, Madison, WI) was used for the 

measurement of forearm BMD. It is a rapid (5-minute image acquisition) and very 

precise small animal densitometer with the precision of 1% CV for total skeletal BMD, 



and 1.5% CV for femur region of interest (ROI) BMD. Routine calibration was 

performed daily with a defined standard (phantom). Before measurement, mice were 

anesthetized using an IP dose of 50/10 mg/kg Ketamine/xylazine solution and then placed 

on a specimen tray (the head was to the left) and put in the PIXI imaging area for 

analysis. After a measurement was completed, ROI rectangle was moved and resized to 

cover a portion of left forearm. The PIXI software automatically calculated the forearm 

bone density and recorded the data as Microsoft Excel files. 

Muscle size 

Forearm cross-section muscle size was measured with a peripheral quantitative computed 

tomography (pQCT) system Stratec XCT Research M™ (Norland Medical Systems, Fort 

Atkinson, WI). The most important part of the procedure is to determine the scan site 

where the forearm muscle is the largest. By choosing the range color scale that included 

density values down to minus 300mg/ccm, which made the muscle visible, we 

experimentally determined that the 30% of the forearm length from the humerus joint 

would be an ideal site for mouse forearm muscle scan. An additional two slices (0.5mm 

above and below the center scan) were scanned. The forearm muscle size was defined as 

the average of these three scans. 

Statistical analysis 



Results are reported as mean ± SD for 3 animals per strain. ANOVA, correlation 

analysis, and forward stepwise regression analysis were performed using commercially 

available statistical software (STATISTICA, StatSoft Inc., Tulsa, OK). Results were 

considered significantly different for PO.05. Heritability was estimated from the analysis 

of variance. We used a one-way ANOVA with strains treated as groups. Three 

individuals were measured within each inbred strain. The mean square within strains 

(MSw) reflects the environmental variance (<4), while the mean square between strains 

(MSB) is determined by both the genetic variance between strains (<r£) and the 

environmental variance. The expectations of MSW and MSB are E(MSW) = <4 and 

E(MSB) = <4 + lol, respectively, where r = 3 is the replicate within each strain. Letting 

the expected mean squares equal the observed mean squares, we get the estimated broad- 

sense heritability as: 

Ty__g     _     MSB-MSW 

al+al    MSB + (r-l)MSw 

Results 

Measurement values 

Table 1 showed the measurements of bone and muscle-related phenotypes in the forelimb 

often inbred strains of mice. Although the variations of the phenotypes among strains 

were all significant at PO.0001, forearm muscle size was the most variable (CV=26%) 

and forearm bone mineral density was the least variable trait (CV=11%) among strains. 



Humerus breaking strength was the second most variable trait (CV=20%) in which a 1.8- 

fold difference between the highest (LG/J) and lowest (SWR/J) strain was observed. 

Heritability indices showed that the muscle-related phenotypes had a higher heritability 

estimate compared to the bone-related phenotypes (Table 2). 

Correlations 

A significant, positive correlation was found among all six phenotypes (Table 3. Above 

the diagonal). In the five forelimb-related phenotypes, forearm bone mineral density had 

the highest correlation coefficient with humerus breaking strength (r=0.69). The second 

highest correlation was observed between bone breaking strength and forelimb grip 

strength (r=0.63). The forearm muscle size was also highly correlated with forelimb grip 

strength (r=0.62). After adjusting with body weight (Table 3. Below the diagonal), 

overall correlations were not significantly changed. 

Partial correlation and multi-regression analysis 

To further evaluate the correlation between the regional phenotypes and humerus 

breaking strength and the relative importance of these phenotypes in determining the 

humerus breaking strength, the partial correlation of regional phenotypes with humerus 

breaking strength was estimated. Table 4 showed that BMD had the highest partial 

correlation with bone strength (Rp=0.42) among the regional phenotypes. Grip strength 

the second (R„=0.31) and then bone size (Rp=0.0.26). Muscle size (Rp=0.11) had was 



very little influence on bone strength. As tolerance indicated, 70% will be redundant if 

muscle size is included in the multi-regression analysis equation. Consistent with the 

partial correlation results, the forward stepwise multi-regression analysis (Figure 1) 

indicated that the order of importance of regional phenotypes in determining humerus 

breaking strength was forearm BMD (ß coefficient was 0.37) > forelimb grip strength 

(p=0.31) > forearm bone size (ß=0.26). Three parameters had a multi-correlation 

coefficient, r=0.78, and explained 61% of variation in humerus breaking strength. Muscle 

size and body weight were eliminated in stepwise regression analysis. 

Discussion 

The aims of this study were to investigate the fundamental relationship between the 

muscle and bone systems and then evaluate the relative contribution of forelimb grip 

strength, forearm muscle size, forearm BMD, and forearm bone size to the humerus 

breaking strength. We selected five site-specific phenotypes from the forelimb based on 

the fact that the effects on bone strength are likely to be regional. A similar highly 

specific regional quantitative study has not been previously carried out in either humans 

or mice. 

Humerus breaking strength has not been previously compared among the inbred strains of 

mice. Our study showed that it had a considerable variation among the strains tested (the 

second largest CV in the five regional phenotypes). The large divergence provides the 

opportunity to search for quantitative trait loci that regulate the humerus breaking 



strength, which may be more relevant to osteoporosis research compared to bone density 

QTLs. 

We observed a significant correlation between all five regional phenotypes. One might 

expect to find a positive correlation between the size of the muscle and the performance 

of the muscle or between the strength of the bone and density or size of the bone. The 

most striking observation in this study was the strong association between the in vivo 

muscle strength and in vitro bone strength (the forelimb grip strength had the second 

highest correlation with bone strength among all correlations in five regional phenotypes 

and was identified as one of the three main determinants to bone strength). There are 

several possibilities that could explain this seemly interesting association. In general, the 

more the muscle loading is, the more the bone loading will be. The largest voluntary 

loads on bones come from muscles. To adapt bone strength to the loads, special strain 

threshold ranges determine where modeling adds and strengthens bone, and where 

remodeling conserves or removes it [11]. Thus, there are adaptive mechanisms that 

regulate an interaction between the muscle and bone. Another possibility is that muscle 

strength could influence bone strength by improving bone quality. It is generally believed 

that bone density, bone size and bone quality are key determinants to bone strength [12], 

although little is known on the relative contributions of these three variables. In the 

forward stepwise multi-regression analysis, the tolerance for grip strength was 0.69 (data 

not shown), which indicated that the grip strength was not redundant in the regression 

equation in relation to bone density and bone size. A tentative explanation is that the grip 

strength complemented the bone quality, which we did not measure in this experiment. 

10 



At the molecular level, we speculate the third possibility that the strong association 

between the two traits may be mediated by common genes regulating both bone and 

muscle systems or mediated by the gene interaction between the two systems. This 

suggestion is in agreement with a monozygotic and dizygotic twin study [13] where the 

authors concluded that more than half the covariance in BMD of the femoral neck and 

lean body mass was attributed to the same genetic factors and also a parent-offspring 

study [14] in which data suggested that a general association between bone mass, lean 

body mass and muscle strength was mediated by some genes influencing these 

parameters by affecting size during late puberty in boys. 

Regression analysis showed that BMD is the most important determinant to bone 

strength, but muscle strength and bone size also play a fundamental role. There are rich 

literatures in which bone density has been widely treated as a reliable predictor for bone 

strength [12, 15-16]. Current studies suggest that the prediction could be substantially 

improved by the combination of bone size, muscle strength and bone density. Three 

parameters explained 61% of variation in humerus breaking strength. Forelimb grip 

strength and bone size played a role equivalent to 84% and 70% of bone density's 

contribution to bone strength, respectively, based on the estimate of ß coefficient. 

A limitation in this study was the number of animals (n=30. Data from one animal was 

lost due to a technical difficulty) used for the analysis, which could have potentially 

biased our estimate. However, the animals used in this study were all inbred strains. 

There was a relatively small variation between animals of the same strain and a large 

11 



variation between the different strains of mice. Overall estimates should not be 

significantly inflated. 

In conclusion, the present study has suggested that the strong association between bone 

and muscle systems could be contributed to adaptive mechanisms and mediated by 

common genes or gene interaction between the two systems. The relative importance of 

four regional phenotypes in determining humerus breaking strength is: forearm BMD > 

forelimb grip strength > forearm bone size > forearm muscle size. Our data have also 

demonstrated that using the combination of bone density, muscle strength and bone size 

in contrast to using bone density alone can substantially increase the power for the 

prediction of bone breaking strength. The identification of forelimb grip strength as the 

second most important determinant to bone breaking strength has suggested that 

therapeutic strategies that have targeted to increase muscle strength should have an effect 

on the treatment and prevention of osteoporosis fracture. 
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Figure legend 

Fig 1. Illustration of the relative importance of the forearm bone mineral density, 

forelimb grip strength, forearm bone size to humerus breaking strength, ß: ß coefficient 

that is a standardized regression coefficient and represents relative contribution of cause 

factor to effect factor. Different form regression coefficient, ß coefficients are directly 

comparable to each other. R: correlation coefficient. * P < 0.05. "forward stepwise multi- 

regression formula. 
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Development and Evaluation of C-telopeptide Enzyme-linked 
Immunoassay for Measurement of Bone Resorption in 
Mouse Serum 
A. K. SRIVASTAVA, S. BHATTACHARYYA, G. CASTILLO, N. MIYAKOSHI, S. MOHAN, and 

D. J. BAYLINK 

MuscuiosMetal Disease Center, Jerry L. Pettis VA Medical Center and Loma Linda University, Loma Undo, CA, USA 

Fni The mouse is increasingly being used as an animal model for 
the study of skeletal phenotypes in humans, mainly because 
of the ease of genetic manipulation. Biochemical markers of 
bone metabolism provide a valuable parameter for the as- 
sessment of skeletal metabolism. In the mouse model, assays 
for bone formation have been available for long time; how- 
ever, little is known about bone resorption markers. The 
present study describes the development of a serum C- 
telopeptide enzyme-linked immunoassay (ELBA), which 
measures degradation products of type I collagen that are 
generated by osteoclastic bone resorption. The C-telopeptide 
ELISA uses affinity-purified antibodies generated against 
human sequence DFSFLPQPPQEKAHDGGR. The epitope 
involves an amino acid sequence, which is identical in the 
mouse and human C-terminal peptide of type I collagen (od 
chain). Sensitivity of the ELISA used was <0.1 ng/mL. The 
average intra- (n = 10) and interassay (n = 8) coefficient of 
variation for two controls was <12%. The average dilution 
and spike recovery rates were 98% and 97%, respectively. 
Application of the ELISA to measure C-telopeptide in 3-4- 
week postovariectomized (ovx) C57BL/6J (B6) mice (n = 9 or 
10) showed a 45% higher C-telopeptide concentration than 
the sham-operated mice. Treatment of ovx mice with estra- 
diol (400 fig/kg body weight) or alendronate (1.0 mg/kg body 
weight) resulted in a 20%-50% decrease in C-telopeptide 
levels compared to the vehicle-treated ovx group. In addition, 
B6 mice fed a calcium-deficient diet (0.01% calcium) showed 
a 50% higher C-telopeptide concentration compared to the 
B6 mice receiving a normal diet (0.6% calcium). In conclu- 
sion, the C-telopeptide ELISA exhibited acceptable analyti- 
cal performance and sufficient discriminatory power to show 
expected directional changes in the rate of bone resorption 
following ovariectomy, ovx plus estradiol or alendronate 

AQ:i treatment, and administration of a calcium-deficient diet 
Therefore, the ELISA developed in this study could be used 
for measuring bone resorption in the mouse model. (Bone 27: 
000-000; 2000) © 2000 by Elsevier Science Inc. AU rights 
reserved. 

Key "Words: C-telopeptide; Resorption; Enzyme-linked immu- 
noassay (ELISA); Mouse; Ovariectomy (ovx); Alendronate. 
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Introduction 

The mouse is being used more than ever as an animal model to 
study skeletal remodeling mechanisms relevant to humans. The 
popularity of the mouse as an animal model is largely because of 
its utility in genetic studies, such as mapping of quantitative trait 
loci (QTL)1 and transgenic and knockout studies,4-7 all of which AQ: 2 
are frequently relevant to human biology. The skeletal remodel- 
ing process is reflected in the blood circulation by the presence 
of various biomolecules derived from either the bone matrix or 
the cells actively involved in bone formation or resorption. 
Application of these markers as accurate, noninvasive, and rel- 
atively simple tests provides a unique means to assess bone 
turnover and its components, bone formation and resorption, in 
humans as well as in animals.2*6'7 

In the mouse model, formation markers such as osteocalcin or 
alkaline phosphatase have long been available; however, little is 
known about bone resorption markers. Biochemical evaluation of 
bone resorption in the mouse model has been performed by 
high-performance liquid chromatography (HPLC) determination 
of pyridinium cross-links2,6 in urine. Urinary markers show a 
relatively high variation, in part because of a need to calculate 
excretion of cross-links as a ratio of creatinine. In addition, 
collections of timed urine samples from mice have been associ- 
ated with practical difficulties. A serum assay, therefore, offers 
potential advantages in terms of decreased variability and ease of 
sample collection, hi this study, we describe the development of 
a C-telopeptide enzyme-linked immunoassay (ELISA) for the 
measurement of bone resorption in mouse serum. The ELISA 
developed herein measures degradation products of type I colla- 
gen (al chains) that are released into the circulation during 
osteoclastic resorption of bone matrix. This ELISA utilizes a 
polyclonal antiserum that was developed against a human C- 
telopeptide sequence,13 but binds to an epitope that is identical in 
the human and mouse C-telopeptide sequence. The in vivo 
efficacy of the ELISA was evaluated by measuring the C- 
telopeptide concentration in conditions known to modulate bone 
resorption in the mouse model. Three perturbations known to 
influence bone resorption by different mechanisms were studied: 
(1) an increase in bone resorption in mice following cessation of 
ovarian function and subsequent reversal of elevated bone re- 
sorption by treatment with either estradiol10 or bisphosphonate3; 

© 2000 by Elsevier Science Inc. 
All rights reserved. 
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(2) an increase in bone resolution in response to a calcium- 
deficient diet11; and (3) an increase in bone resorption induced 
by administration of high doses of parathyroid hormone(l-34) 
[PTH(l-34)].9'10 

Materials and Methods 

Materials 

Peptides NIL.—CDFSFLPQPPQEKAHDGGR—COOH (human 
C-telopeptide), and NH2—CDFSFLPQPPQEKSQDGGR—COOH 
(rat C-telopeptide)3 were synthesized commercially (SynPep, 
Dublin, CA) and were of 95%-99% purity, as determined by 
HPLC and mass spectrometry. Eight-well Maxisorp strips were 

AQ: 3 purchased from Nunc (Switzerland). Maliemide-activated horse- 
radish peroxidase (HRP) and keyhole limpet hemocyanin (KLH) 
were purchased from Pierce (Rockford, IL) and coupled to 
synthetic C-telopeptide containing N-terrninal cysteine, accord- 
ing to the manufacturer's directions. Avidin and motin-hydrazide 
were also purchased from Pierce. Tetramethylbenzidine (TMB) 
substrate for HRP was purchased from Biotech Laboratories 
(Houston, TX) and stored at 4°C. 17ß-estradiol (tissue-culture 
grade) was purchased from Sigma Co. (St. Louis, MO). Alen- 
dronate was a gift from Merck (West Point, PA). 

Animals and Treatment 

All animal protocols used in this study had prior approval of the 
animal studies subcommittee of this research institution. 

Treatment of Ovariectomized C57BL/6N Mice With Estradiol 

A group of 7-8-week-old female C57BL/6N mice were ovari- 
ectomized (ovx) or sham operated at Hilltop Lab Animals, 
(Scottsdale, PA). The mice were housed on a 12 h light/dark 
cycle, fed standard rodent diet and water, and randomly divided 
into the following groups of 9 or 10 animals each: (1) sham; (2) 
ovx; or (3) ovx + estradiol. Sham and ovx groups were given 
weekly subcutaneous injections of vehicle for 3 weeks. At the 
end of the 3 week period, the mice were killed, blood was 
collected, and bones were processed for peripheral quantitative 
computed tomography (pQCT). The ovx + estradiol group 
received weekly subcutaneous injections of 400 u,g/kg of estra- 
diol for 3 weeks. Blood and bone specimens were collected for 
C-telopeptide and pQCT measurements, respectively. 

Treatment of Ovx C57BL/6J Mice With Alendronate 

Ovariectomized or sham-operated 8-9-week-old C57BL/6J mice 
were purchased from Harlan-Teklad (Madison, WI). The mice 
were acclimatized for 1 week and assigned to one of the follow- 
ing three groups (n = 10): (1) sham; (2) ovx; or (3) ovx + 
alendronate (ALN). The sham and one ovx group received daily 
subcutaneous injections of vehicle (phosphate-buffered saline 
[PBS]) for 2 weeks. The remaining ovx (ovx + ALN) group 
received daily subcutaneous injections of ALN (1.0 mg/kg body 
weight) for 2 weeks. At the end of the 2 week period, blood was 
collected for C-telopeptide measurements. 

C57BL/6J Mice Receiving Low Calcium Diet 

A group of 3-4-week-old female C57BL/6J mice was purchased 
from Jackson Labs (Bar Harbor, ME), acclimatized as described 
earlier for 1 week, and randomly assigned to one of two groups: 
one group (n = 13) was fed a 0.01% calcium-deficient diet (TD 
95027, Harlan-Teklad) for 2 weeks; and a control group (n = 12) 
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of C57BL/6J mice received a normal diet of 0.6% calcium (TD 
97191,'Harlan-Teklad) for 2 weeks. At the end of the 2 week 
period, blood was collected for C-telopeptide analysis. 

For all studies, serum was separated within 1 h of blood 
collection and stored at -70°C until assays were performed. The 
right femurs were cleaned and stored frozen in 0.05 mol/L 
phosphate buffer at -20°C until bone density measurements 
were performed by pQCT. 

C-telopeptide Antiserum 

Antiserum used for the development of C-telopeptide ELISA 
was provided by DiaSorin Inc. (Stfllwater, MN). Production of 
C-telopeptide antiserum against a human C-telopeptide sequence 
corresponding to amino acids 1197-1214 of type I collagen (al 
chains) has been described elsewhere.13 The C-telopeptide-spe- 
cific antibodies were purified by affinity chromatography using 
synthetic C-telopeptide peptide coupled to a SulfoLink column 
(Pierce). Affinity-purified goat anti-C-telopeptide antibodies 
were biotinylated by using biotin-hydrazide as per the manufac- 
turer's specifications. Biotinylated antibodies were purified on a 
size-exclusion column and stored at 4°C at a concentration of >2 
mg/mL until being used. 

C-telopeptide ELISA 

Avidin was immobilized on eight-well Maxisorb (Nunc) strips 
by overnight incubation in 200 uL of avidin solution (1 u.g/mL 
in 0.05 mol/L sodium carbonate buffer, pH 9.6) at 4°C. After 
antibody coating, nonspecific sites were blocked by incubation 
with a 1% solution of bovine serum albumin (BSA), D-mannitol, 
and glycine for 2 h at room temperature (RT). Avidin-coated 
strips were freeze-dried and stored at 4°C in vapor-sealed 
pouches with silica gel desiccant. Under these conditions, avidin- 
coated strips were stable for >6 months without significant loss 
of immunoreactivity. A synthetic peptide corresponding to amino 
acids 1197-1214 of the rat type I collagen (al) sequence was 
used as a calibrator. The ELISA was initiated by incubation with 
200 \sL of biotinylated C-telopeptide antibodies for 1 h at 25°C. 
After washing twice with a wash solution (0.05 mol/L PBS 
containing 0.05% Tween-20), 100 u,L of C-telopeptide/HRP 
conjugate and 100 uL of C-telopeptide calibrator or diluted 
serum samples (0.01 mol/L Tris-HCl buffer containing 0.1% 
BSA and 0.1% thimerosal, pH 7.0) was added to the antibody- 
coated strips. The ELISA plate was incubated for 2 h at RT with 
continuous stirring (800 rpm). The ELISA plate was then washed 
with an automatic strip washer. Color reaction was initiated by 
adding 200 uL of TMB substrate (OneBlue, Biotex Laboratories, 
Houston, TX) and incubating the plate with constant stirring for 
30 min at RT. The color reaction was stopped by the addition of 
100 uL 4 mol/L sulfuric acid, and optical densities were recorded 
at 450 nm using a plate reader (Tecan SLT Spectra, Research 
Triangle Park, NC). Unknown values were calculated by using a 
four-parameter curve-fitting procedure. 

Bone Mineral Density Measurements   ■ 

Bone mineral density (BMD) of the excised distal femurs was 
measured by a pQCT (XCT Research M, Norland Medical 
Systems). BMD measurements were performed only in the es- 
tradiol repletion study. Quadruplicate determination of five dif- 
ferent femurs showed a coefficient of variation of <3.0%. 



Bone Vol. 27, No. 4 
October 2000:000-000 

A. K. Srivastava et al. 
A C-telopeptide ELISA for mouse serum 

2.0. 

1.5. 

O 
O   1.0- 

0.5. 

0.0 

Table 2. Effect of sample dilution on determination of mouse C- 
telopepride 

0.01 ~ö7ö~ 1.00 10.00 100.00 

C-telopeptide (ng/ml) 

Figure 1. Standard curve of C-telopeptide ELISA. 

Statistics 

All comparisons of results of the different groups were per- 
formed using the Mann-Whitney J7-test, with p < 0.05 (two- 
tailed) considered statistically significant. All bar diagrams show 
the mean values, and error bars represent standard error of the 
mean (SEM). 

Results 

Analytical Performance of C-telopeptide ELISA 

Fi Figure 1 shows the calibration curve determined. The calibration 
range of the C-telopeptide measurements was 0.1-30 ng/mL of 
synthetic peptide. Sensitivity of the ELISA, defined as a value 2 
SD (n = 20) below the zero binding value, was <0.1 ng/mL. The 
reproducibility of the C-telopeptide measurements in mouse 

Ti serum is summarized in Table 1. The averaged intra-assay 
coefficient of variation (CV) evaluated by measuring ten repli- 
cates of two mouse serum control samples was CV <9%, 
whereas interassay CV measured in eight different runs was 
<12%. 

The effect of the serum matrix dilution on the performance of 
C-telopeptide ELISA was evaluated in three different mouse 
serum samples diluted 75%, 50%, and 25% with the assay buffer. 
The undiluted serum sample values, as determined in the assay, 
were used to establish the expected values for subsequent dilu- 
tion. Recoveries were calculated as the measured concentrations 
divided by the expected concentrations and expressed as percent- 
ages. Dilution recoveries ranged between 88% and 110% (Table 

n 2). Spike recoveries were performed by mixing C-telopeptide 
AQ: 4 ELISA calibrator with three different mouse serum samples. The 

spiked samples were evaluated as unknown within a single run. 
The values of serum samples mixed with buffer were used to 

Table 1. Intra- and interassay coefficient of variation (CV) in the 
measurements of two mice serum control samples by enzyme- 
linked immunoassay (ELISA) 

Within-assay precision 
(n = 10) 

Between-assay precision 
Öl = 8) 

Serum 
control 

Mean 
(ng/mL) SD %CV 

Mean* 
(ng/mL) SD       % CV 

Low 
High 

9.2 
21.6 

0.8 
1.8 

8.2 
8.3 

9.5 
20.7 

1.1     •   11.6 
2.3         11.1 

Theoretical Measured 
Sample 
no. 

Sample dilution 
(serum volume) 

value 
(ng/mL) 

value 
(ng/mL) 

Recovery 
(%) 

1' 100% (20 |iL) 
75% (15 |jL) 
50% (10 uL) 
25% (5 uL) 

5.3 
4.0 
2.6 
1.3 

3.5 
2.7 
1.3 

88.1 
101.9 
98.1 

2 100% (20 p,L) 
75% (15 ixL) 
50% (10 (iL) 
25% (5 uL) 

14.1 
10.6 
7.1 
3.5 

11.4 
7.6 
3.9 

94.5 
95.8 
92.1 

3 100% (20 pL) 
75% (15 uL) 
50% (10 pL) 
25% (5 uL) 

7.9 
5.9    ' 
3.9 
2.0 

6.1 
4.1 
2.2 

105.2 
104.4 
109.7 

determine the recovered C-telopeptide concentrations. Spike re- 
coveries, calculated as observed concentration divided by ex- 
pected concentration, and expressed as percentages, ranged be- 
tween 77% and 109% (Table 3). T3 

Effect of Ovx and Estrogen Treatment on C-telopeptide Levels 
in Mouse Serum 

Figure 2 shows the C-telopeptide levels in sham or ovx mice F2 
receiving vehicle or 400 (xg/kg (body weight) of estradiol. The 
C-telopeptide levels were approximately 45% higher in ovx mice 
compared to the sham group. Treatment of ovx mice with 
estradiol resulted in approximately 20% decreases in C-telopep- 
tide levels compared to ovx mice receiving vehicle. However, the 
decrease in C-telopeptide concentration did not reach statistical 
significance by the criteria used (two-tailed Mann-Whitney li- 
test) in this study. 

Effect of Ovx and Alendronate Treatment on C-telopeptide 
Levels in Mouse Serum 

Figure 3 shows C-telopeptide levels in sham, ovx, and ovx mice B3 
treated with alendronate (1.0 mg/kg). There was a 50% increase 
in C-telopeptide concentration between sham and ovx mice. 
Treatment with alendronate resulted in a 50% drop in C-telopep- 
tide levels compared to the ovx group. C-telopeptide concentra- 
tion in the alendronate-treated ovx group was indistinguishable 
from the vehicle-treated sham group (p = 0.883). 

Measurement of C-telopeptide Levels in C57BU6J Mice 
Treated With Low Calcium Diet 

C-telopeptide concentration in mice receiving a low calcium diet 
showed 40% higher values compared tothe control group, which 
received a normal diet (Figure 4). The body weights in the F4 
control and calcium-deficient groups were similar (p > 0.5) at 
the beginning (12.6 ± 1.2 g in controls vs. 12.6 ± 1.4 g in the 
calcium-deficient group) and at the end (17.8 ± 1.4 g in controls 
vs. 17.7 ± 1.4 g in the calcium-deficient group) of the experi- 
ment. Therefore, the growth rates of these mice were not affected 
by the low calcium diet. 
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Table 3. Recovery of exogenously added C-telopeptide calibrator to 
pooled mouse serum as determined by enzyme-linked imrnn- 
noassay (ELISA) 

Sample 
number 

C-telopeptide 
added 

(ng/mL) 

C-telopeptide 
expected 
(ng/mL) 

C-telopeptide 
observed Percent 
(ng/mL) recovery 

1 0 6.6 
1.0 7.6 7.3 96.4 
3.0 9.6 8.3 85.8 

10.0 16.6 12.9 77.4 

2 0 9.6 
1.0 10.6 11.5 108.8 
3.0 12.6 12.0 95.2 

10.0 19.6 17.5 89.6 

3 0 12.1 
1.0 13.1. 12.4 94.1 
3.0 16.1 14.7 96.9 

10.0 22.1 23.0 104.1 

Effect of Ovx on Trdbecular BMD of Distal Femur 

Total BMD at the distal femur showed a significant loss in the 
AQ: 5 ovx group (363.9 i 2.7, p < 0.001) compared to the sham group 

(411.6 ± 5.5). Treatment with estradiol partially prevented bone 
loss (386.3 ± 6.3, p < 0.05 vs. ovx group). 

Discussion 

In the mouse model, formation markers have been available for 
several years. However, use of resorption markers has been 
limited to highly complex HPLC measurement of pyridinium 
cross-links or hydroxyproline in urine. To overcome the com- 
plexities associated with urinary markers and urine collection in 
mice, we have developed a serum C-telopeptide ELISA that can 
be applied to measure bone resorption. High crossreactivity of an 
antihuman C-telopeptide polyclonal antiserum toward mouse 
serum prompted us to develop this ELISA. The epitope of the 
affinity-purified antibodies was determined by examining the 
crossreactivity of the ELISA with several synthetic peptides of 
six to eight amino acids in length. Only peptide with amino 
acids—DFSFLPQ—showed crossreactivity.13 The sequence— 
DFSFLPQ—is identical in human, rat, and mouse type I collagen 

Sham 

Figure 2. Effect of oväriectomy and estradiol treatment of ovariecto- 
mized mice on serum levels of C-telopeptide as determined by ELISA. 
Values represent mean ± SE (n = 9). *p = 0.0947 vs. ovx and p = 
0.1333 vs. sham group, **p < 0.05 vs. sham. 

10.0. 

7.5-] 

0) •o •a 
I1 
g-oi    5.0, 
"3 c 

2.5. 

0.0, 

** 

Figure 3. Effect of ovariectomy and alendronate treatment on the serum 
levels of C-telopeptide as determined by ELISA. Results expressed as 
mean ± SE (n = 9 or 10). **p < 0.05 vs. sham; ***p < 0.01 vs. ovx and 
p = 0.883 vs. sham group. 

C-telopeptide, which provided the rationale for using a C-te- 
lopeptide antiserum developed against the human sequence for 
developing ELISA for the rodent model. However, our epitope 
determination does not rule out measurement of type I chains 
only, in which case C-telopeptide measured by the current 
ELISA may also reflect synthesis or metabolism of collagen in 
addition to bone resorption, because some of the newly synthe- 
sized collagen can be degraded and released into circulation 
before it can be deposited in bone. It remains to be verified if the 
circulating moiety measured by the current antibody contains a 
pyridinium cross-link, in which case it would support the view 
that this assay measures collagen degradation and not synthesis 
of collagen. Previously, we described a rat C-telopeptide 
ELISA13 using the same antibody and found approximately 65% 
higher C-telopeptide levels in ovx rats compared to the sham 
group and a complete reversal in C-telopeptide levels in ovx rats 
treated with estradiol (40 ng/kg, 14 days). In this study, we 
modified the rat C-telopeptide ELISA to enable it to measure 
bone resorption in mouse serum. The mouse C-telopeptide 
ELISA utilizes biotinylated antibodies and avidin-coated plates. 
The biotinylated antibodies were introduced in the new ELISA 
format to overcome a nonspecific interference caused by the 
crossreactivity of capture antibodies (rabbit antigoat irnmuno- 
globulin G) toward mouse serum proteins. A preincubation of 
biotinylated antibodies with avidin-coated plates and a subse- 
quent wash cycle resulted in improved sensitivity (0.1 ng/mL) of 

Control 

Figure 4. Effect of calcium-deficient diet on serum levels of C-telopep- 
tide as determined by ELISA. Results expressed as mean ± SE (n = 12 
or 13). ***p < 0.01. 
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the ELISA, which allowed us to reliably measure C-telopeptide 
levels with small amounts (0.010-0.020 mL) of mouse serum. 

The serum C-telopeptide ELISA described in this study is a new 
assay, and therefore required a comprehensive in vivo evaluation of 
its efficacy to measure bone resorption in a mouse model. Conse- 
quently, we included several skeletal perturbations known to influ- 
ence bone resorption in a mouse model to evaluate the effectiveness 
of the C-telopeptide ELISA. The ovx mouse model mimics some of 
the changes in bone metabolism observed in postmenopausal osteo- 
porosis.7 Biochemical markers are elevated after the ovariectomy 
and return to low levels after treatment with estradiol or other 
antiresorptive agents.12, w Therefore, the ovx mouse provides a good 
model to study changes in biochemical markers associated with 
skeletal remodeling. In addition, a low calcium diet and adminis- 
tration of PTH(l-34)9 are also known to increase bone resorption in 
the mouse model. We used these conditions to further evaluate the 
in vivo efficacy of C-telopeptide ELISA 

In the evaluation of the ovx model, there was a 45% increase 
in serum C-telopeptide concentrations in ovx mice compared to 
sham-operated mice at 3-4 weeks post-ovx. Estradiol treatment 
(400 ixg/kg) resulted in a moderate decline in C-telopeptide 
levels in the ovx mice (Figure 2). The decrease in C-telopeptide 
levels did not reach statistical significance (p = 0.093) compared 
to the ovx group. Nonetheless, changes in C-telopeptide levels 
were consistent with changes in BMD measured in the distal 
femur by pQCT. Our results suggest that a longer treatment time 
or higher estradiol dose may be required to revert C-telopeptide 
concentration to that of the vehicle-treated sham group. As 
expected, treatment of ovx mice with alendronate (1 mg/kg) 
resulted in a complete reversal of C-telopeptide levels to those of 
sham-operated mice receiving vehicle (Figure 3). This is consis- 
tent with previous observations that alendronate inhibits the 

. activity of the mature osteoclast14 as well as the formation of 
osteoclasts from bone marrow-derived precursor cells, resulting 
in a rapid decline in markers of bone resorption. The absolute 
concentrations of C-telopeptide in mice obtained in estradiol and 
alendronate studies were significantly different. There could be 
three possible explanations for this finding: (1) the age of mice in 
two groups was slightly different; (2) the two groups of mice 
were obtained from different sources (NIH and Jackson Labs); 
and (3) C-telopeptide levels follow a circadian rhythm A com- 
bination of all these factors may have contributed to the differ- 
ence in absolute values observed in the two studies. 

Other perturbations, namely a low calcium diet and PTH 
administration, both of which are known to increase bone resorp- 
tion in mice,940 also increased serum C-telopeptide levels. Our 
data show that C-telopeptide levels were approximately 50% 
higher (Figure 4) in mice fed alow calcium diet, as compared to 
mice fed a normal diet. In addition, administration of PTH(l-34) 
(80 u,g/kg per day) to mice for 22 weeks caused a significant 
increase in serum C-telopeptide levels compared to vehicle- 
treated control mice (S. Mohan, personal communication). There 
are indications by other investigators10 that long-term treatment 
with PTH(l-34) increases resorption in mice, and findings from 
this study are consistent with our earlier findings9 of increased 
tartrate-resistant acid phosphatase activity in femurs of mice 
treated with PTH(l-34). 

In conclusion, the C-telopeptide ELISA developed in this 
study demonstrated adequate analytical sensitivity, accuracy, and 
reproducibility. The changes observed in biochemical parameters 
and BMD coincide with those in previous work. The C-telopep- 
tide ELISA demonstrated sufficient discriminatory power to 
detect changes in bone resorption as a result of: ovariectomy, 
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A C-telopeptide ELISA for mouse serum 

estradiol, or bisphosphonate treatment of ovx mice; a calcium- 
deficient diet; and administration of PTH(l-34). Hence, this 
ELISA could be a useful tool for the study of bone resorption in 
mice. Additional studies may be required to further establish the 
efficacy of this marker in the measurement of bone resorption 
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Abstract. The mouse is frequently used as an animal model 
to study skeletal mechanisms relevant to humans. Bio- 
chemical markers of bone formation and resorptton provide 
one™ Key parameters for assessing skeletal metabolism 
One biochemical marker that has proven to be useful in the 
studies of mouse skeletal metabolism is osteocalcm As ay 
for osteocalcin is available in the mouse. The present study 
describes development of an osteocalcm radioimmunoassay 
fM$S using a synthetic peptide. Intact osteocalcin purified 
torn mousf bone extract shows parallel displacement with 
synthetic peptide. Sensitivity of the RIA was 19 ng/ml. The 
average (£ = 9) intra- and interassay coefficient of vana- 
tion fir two controls was less than 10%; the averaged re- 
veries were 106%. The osteocalcin concentration mea- 
sured by peptide RIA shows a high correlation (r = 0.88, n 
= m P < 0 0001) with an intact osteocalcin assay. In 
addition, when the intact assay and peptide assays were 

*appled to evaluate skeletal perturbation, «imlar results 
wPere obtained. Accordingly, osteocalcin If^™^.^ 
both intact and peptide-based RIA m 8-week CSTBUbi 
?n = 8) mice treated with PTH 1-34 were twofold higher 
compared with the vehicle-treated control group  Further 
studies of the application of the peptide-based RIA for os- 
ScScin revealed that osteocalcin levels m 4-week post- 
o^anectomized (OVX) C57BU6N mice   n -  10) were 
80% higher than the sham-operated (n = 10) mice receiv- 
ing vehicle. OVX mice receiving weekly injections of es- 
tediol (400 n.g/kg body weight) were 38% lower compared 
wkn the OVX group treated with vehicle In conclusion the 
Side-based RIA has analytical and a .discriminative 
nower similar to that of the intact osteocalcin assay but the 
advantage that the resources for this assay are much easier 
to accrue. 

Key words: Osteocalcin — Radioimmunoassay — Mouse 
— Ovariectomy. 

With increasing frequency, the mouse is being used as an 
animal model to study skeletal mechanisms relevant to hu- 
mans [II. The particular popularity of the mouse as a mode 
largely because of its utility in g^cMKh«. «^ *s

f 
QTL studies [2] and knockout studies [3-4 10], bo h of 

■ whfeh are relevant to human biology, to stated «gab* 
lism, one of the key parameters relevant to human diseases 
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is bone density. Bone density is readily measured m the 
mouse with new technologies. However, changes in bone 
Sitv take some time to become measurable whereas bio- 
chem cal maSs, which measure the determinants of bone 
densiy namely, bone formation and bone resorption, can 
orov de more accurate information with respect to skeletal 
metaboliTm One of the biochemical markers that have 
proved, £ be useful in the studies of human skeletal me- 

"^^SSiS^äfio Protein **1S SeCr?d b-y 
osteoblasts A fraction of newly synthesized osteocalcin is 
Ssedtto the bloodstream, where its concentration cor- 
relates with the indices of osteoblastic activity and bone 
foSon rate [8 ■ In humans, changes in circuiting osteo- 
32 evels have been associated with metabohe bone dis- 
eases such L osteoporosis and hyperparathyroid,sm49]. In 
the mouse model, measurements of osteocalcin have been 
Sd to smdv the rate of bone formation in several studies 
Sudmg (1) hyp^phosphatemic (hyp) mouse a. a human 
moÄÄ 

Smfle Scfäupopo/ysaccharide on bone remodeling 

11 Measurements of mouse osteocalcin have been per- 
formed by mdioimmunoassay (RIA) using antibodies gen- 
eratedGainst intact native mouse osteocalcm isolated from 
SrX oresent study was undertaken to develop syn- 
SSc MteScTn pepdde-based antibodies that bind to 
am no acids 29-46. Accordingly, we describe production of 
Svcloral antilouse osteocalcin antibodies using syn- 
H   o™tide and development of a RIA procedure using 
vn he?rcPpepiide as a tracer and calibrator. The in vivo 

use umessPof he RIA was evaluated by assessing the bio- 
useiuinesi ui u» r<7BL/6J m ce treated with PTH 
°dd$?OVX^C57BU6N mice treated with estradiol. 
u3int i2etreatments are known to modulate the bone 
foldo?teÄS nSel [6, 13]. In addition changes 
formation in TC H compared with changes in 

computed tomography (pQCT). 

Materials and Methods 
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Table 1. Intra- and interassay CV of the osteocalcin measure- 
ments of two serum control samples by RIA  

Osteocalcin (ng/ml) 

Within-assay precision 
(n - 10) 

Between-assay precision 
(n = 9) 

Serum 
control 

Mean 
(ng/ml) SD       %CV 

Mean 
(ng/ml) SD %CV 

Low 
High 

108.5 
239.5 

5.4 
16.1 

5.0 
6.7 

112.1 
232.6 

10.8 
18.6 

9.6 
8.0 

Fig. 1. Standard curve of mouse osteocalcin using synthetic pep- 
tide (•) and intact mouse osteocalcin (O). 'B' represents CPM 
bound in the presence of osteocalcin standard; 'Ref represents 
CPM bound in the presence of zero standard. 

mal rabbit serum and goat anti-rabbit antiscrum were purchased 
from Chemicon (Temecula, CA). Radioactive sodium iodide was 
purchased from-NEN™ Life Science Products (Boston, MA), and 
iodination of synthetic osteocalcin peptide fragment was per- 
formed by the standard Chloramine-T method. 

Animals and Treatment 

Treatment of C57BU6J Mice with PTH 1-34. All animal protocols 
used in this study were approved by the Animal Studies Subcom- 
mittee of our institution. Normal female, 8-week-oid C57BL/6J 
(B6) mice were purchased from The Jackson Laboratory (Bar Har- 
bor, MN) and randomly divided into two groups of 8 mice each. A 
control group received daily subcutaneous injections of 50 u.1 
phosphate-buffered saline (PBS), and the other group of mice re- 
ceived 80 u.g/kg of parathyroid hormone (PTH) 1-34 (synthetic 
peptide from SynPep Corp., CA) for 9 days. On day 10, the ani- 
mals were sacrificed, and blood was collected and used for serum 
osteocalcin determination. 

Treatment of Ovariectomized C57BL/6J Mice with Estradiol. 
Eighl-week-old OVX or sham-operated C57BL/6N mice were 
from Hilltop Lab Animals, Inc., (Scottsdale, PA), and randomly 
divided into the following groups of 10 animals each: (1) sham- 
1W; (2) OVX-1W; (3) sham-4W; (4) OVX-4W; (5) OVX/40 E2; 
and (6) OVX/400 E2. Sham-lW and OVX-1W groups were sac- 
rificed 1 week after the OVX or sham operation and blood was 
collected. One week after the OVX or sham operation, sham-4W 
and OVX-4W groups were given weekly subcutaneous injections 
of vehicle (corn oil) for 3 weeks. At the end of the 3-week period, 
blood was collected and bones were processed for pQCT. OVX/40 
E2 and OVX/400 E2 groups received weekly subcutaneous injec- 
tions of 40 u,g/kg and 400 u.g/kg of estradiol for 3 weeks, respec- 
tively. Blood and bone specimens were collected as described 
above for the sham group of animals. 

Serum was separated within 1 hour of blood collection and 
stored at -70°C until analyzed. The right femurs were cleaned and 
stored frozen in 0.05 M phosphate buffer at -20°C until bone 
density measurements were made by pQCT. 

Osteocalcin antiserum. Antibodies against osteocalcin were gen- 
erated in White New Zealand rabbits. Initial immunization was 
performed by 20-30 intradermal injections of 100 u.g of conjugate 
emulsified with Freund's adjuvant A booster was given 45 days 
after initial immunization and thereafter every 30 days. Blood was 
collected 15 days after the booster injection and serum was sepa- 
rated and stored in small aliquots at -70°C. 

Osteocalcin RIA. To develop RIA, 2.0 |xg of osteocalcin peptide 
was labeled with 125I by the Chloramine-T method using 2.0 mCi 

Table 2. Effect of sample dilution on mouse osteocalcin determi- 
nation   . 

Sample       Theoretical       Measured 
Sample "   dilution       value value Recovery 
no. (%) (ng/ml) (?g/ml) (*> 

1. 100 1076.5 
75 806.2 638.4 79.2 

50 540.6 461.3 85.3 

25 270.3 256.3 94.8 

100 1029.9 
75 768.9 713.0 92.7 

50 512.6 466.0 90.9 

25 256.3 256.3 100 

100 1006.6 
75 754.9 638.4 84.6 

50 503.3 433.4 86.1 

25 251.6 279.6 111.1 
 *  

of I25I-sodium iodide and purified on a Sep-Pak C-18 cartridge. 
The RIA procedure is initiated by mixing 100 u.1 of tracer prepared 
in assay buffer (diluted in 0.05 M citrate buffer, pH 7.0, containing 
0 1% BSA and 0.15 M sodium chloride, and 0.1% sodium azide), 
100 u.1 of antiserum (final diluted of 1:10,000 in assay buffer), and 
100 LLI of peptide standard or mouse serum sample (5 u.1 of mouse 
serum diluted 1:20 with assay buffer) in polypropylene tubes and 
incubated at room temperature (RT) for 2 hours. The bound ra- 
dioactivity is separated by the addition of 500 u.1 of secondary 
antibody mixture (containing goat anti-rabbit IgG antiserum and 
normal rabbit serum) and 200 p.! of 8% (w/v) polyethylene glycol 
followed by incubation at RT for 2 hours. Tubes were centnfuged 
at 2000 g for 20 minutes and the supemaLant was discarded. Pre- 
cipitate was counted on a Micromedic 4600 Plus Automatic 
Gamma Counter (1CN, CostaMesa, CA), and unknown values 
were calculated by comparison with a standard curve constructed 
by weighted regression using Logit-log curve fitting. 

Bone Mineral Density Measurements 

The bone mineral density of excised femurs was measured by a 
pQCT (XCT Research M system. Norland Medical Systems, Inc., 
WI) Bone density was measured al the distal femur. Quadruplicate 
determination of five different femurs showed a CV of the mea- 
surement of less than 4.0%. . 

Statistics 

Results of the different groups were compared by using the Mann 
Whitney test, with P < 0.05 accepted as significant difference. Ail 
bar diagrams represent mean values, and error bars represent stan- 
dard error of mean. 
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Table 3. Recovery of the exogenously added mouse osteocalcin in RIA 

Sample 
no. 

Osteocalcin 
concentration 
(ng/ml) 

233.7 
233.7 
233.7 

205.7 
205.7 
205.7 

354.9 
354.9 
354.9 

Osteocalcin 
added 
(ng/ml) 

178.6 
238.1 
267.9 

274.9 
366.6 
412.4 

245.8 
327.8 
368.7 

Expected 
(ng/ml) 

412.3 
471.8 
501.6 

480.6 
572.3 
618.1 

600.7 
682.7 
723.6 

Observed 
(ng/ml) 

472.9 • 
455.7 
485.1 

456.1 
486.5 
557.8 

552.7 
660.9 
681.4 

recovery 

114.7 
96.6 
96.7 

94.9 
85.0 
90.2 

92.0 
96.8 
94.2 

< 

—   TO 
« a. 

4001 

300 

200- 

100- 

ps 0.88 
p<0.0001 
n=117 

—i— 
300 100 200 

Intact osteocalcin RIA (ng/ml) 

——i— 
600 

Kg. 2. Correlation between osteocalcin levels in mice serum as 
determined by the peptide RIA and a commercial RIA that mea- 
sures intact osteocalcin. 

soo p<0.001 

Control PTH1-34(8©ua/kB) 

Fig. 3. Osteocalcin concentration in C57BL/6J mice treated with 
PTH 1-34 compared with control group of mice treated with ve- 
hicle. Values represent mean ± SE. 

(3> 
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Results 

Standard Curve Range and Sensitivity 

Figure 1 shows the binding of ,25I-labeled osteocalcin pep- 
tide to anti-mouse osteocalcin antibodies and displacement 
with peptide calibrator and intact osteocalcin calibrator, ex- 
tracted from mouse bone. The calibration range for the os- 
teocalcin assay was 0.9-80 ng/ml. Sensitivity of the RIA, 
defined as value greater than 2 SD (n = 20) below the zero 
binding value, was 0.9 ng/ml. 

Assay Variability 

Reproducibility of osteocalcin measurements in mouse se- 
rum is summarized in Table 1. The averaged intraassay CV, 
evaluated by measuring 10 replicates of two mouse serum 
samples, had a CV of less than 7%, and the interassay CV, 
measured in nine different runs, was <10%. 

Dilution Effect 

The effect of serum matrix dilution on the performance of 
osteocalcin RIA was evaluated in three different mouse se- 
rum samples diluted at 75%, 50%, and 25% in the assay 

buffer. The undiluted serum sample values, as determined in 
the RIA, were used to establish the expected values for 
subsequent dilution. Recoveries were calculated as the mea- 
sured concentrations divided by the expected concentrations 
and expressed as percentages. Dilution recoveries were be- 
tween 81 and 111% (Table 2). 

Analytical Recovery 

Supplementation and recovery study was performed by 
mixing different proportions of samples with high osteocal- 
cin concentration with serum samples of low osteocalcin 
concentrations. The values of samples without mixing were 
used to determine the expected values. Analytical recover- 
ies were calculated as described for dilution recoveries and 
ranged between 85 and 1.15% (Table 3). 

Correlation Between Peptide RIA and Intact Osteocalcin RIA 

Osteocalcin levels in mice serum determined by peptide 
RIA showed a high correlation (r = 0.88, P < 0.001 n - 
117) with a commercial RIA (Biomedical Technologies 
Inc., Stoughton, MA) that utilizes intact osteocalcin as 
tracer and calibrator (Fig. 2). 

@ 

<&) 

(&> 
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350 

d 

Sham-1W OYX-1W      Sham-4WOVX-4W      ÖVW40 E2    OVX/400 E2 

Fig. 4. Effect of ovariectomy and estrogen 
repletion of OVX mice on the osteocalcin 
levels as determined by peptide RIA. Values 
represent mean ± SE. 

3 

? 

So 

Sham-4W 

Fig. 5. Effect of ovariectomy and the estradiol treatment on the 
total bone density of the distal femur of C57BL/6J mice as mea- 
sured by pQCT. Results are shown as mean ± SE (n = 10). 

Measurement of Mouse Osteocalcin Levels in C57BL/6J Mice 
Treated with PTH1-34 

Osteocalcin concentrations in C57BL/6J mice treated with 
PTH 1-34 were twofold higher compared with the control 
group treated with vehicle (Fig. 3). Measurements of these 
samples with an intact osteocalcin RIA showed similar 
changes between the control and PTH 1-34-treated group 
(228 ±33 ng/ml versus 480 ± 43 ng/ml, P < 0.001). 

Effect of OVX and Estrogen Treatment on the Osteocalcin 
Levels in Mouse Serum 

Figure 4 shows the osteocalcin levels in sham and OVX 
mice receiving either 40 or 400 (ig/kg (body weight) of 
estradiol. Four weeks after the OVX, the osteocalcin levels 
were approximately 80% higher in OVX mice compared 
with the sham group receiving vehicle. Treatment of OVX 
mice with estradiol resulted in significant decreases in os- 
teocalcin levels compared with OVX mice receiving vehicle. 

Effect of OVX on the Total Bone Mineral Density of Rat Femur 

Bone density measurements on the distal femurs of various 
groups are shown in Figure 5. The distal femur, a region 
rich with cancellous bone, showed a significant loss of bone 
density in the OVX group. Estrogen repletion at the 400 

400, 

=•      300. 

r= -0.54 
p<0.001 
n=39 

c 

200 

375 425 4Ti 

Total BMD Distal Femur (mg/ce) 

Fig. 6. Correlation between serum levels of osteocalcin measured 
by RIA and total bone density measured by pQCT (n - 39). 
Significance (p) value was calculated from linear regression analy- 
sis (continuous line). Dotted lines represents 95% confidence in- 
tervals. 

ug/kg dose partially prevented the bone loss (P < 0.001 
versus OVX group), which was statistically different from 
the OVX group receiving the vehicle. 

Correlation Between Total Bone Mineral Density and 
Osteocalcin Concentration 

Figure 6 shows the correlation between the osteocalcin con- 
centration and total BMD measurements performed by 
pQCT in OVX and estradiol-treated OVX C57BL/6N mice. 
Statistical analysis performed by excluding the two outliers 
did' not significantly change the correlation coefficient or 
significance levels (r = -0-54, P < 0.001). 

Discussion 

We have developed a synthetic peptide-based osteocalcin 
RIA to measure rate of bone formation in mouse serum. The 
synthetic peptide was used for antibody production for mak- 
ing the tracer and calibrator. The osteocalcin antiserum, 
which was generated against a synthetic linear peptide, 
showed parallel displacement with intact osteocalcin puri- 
fied from mouse bone albeit with slightly lower affinity. 
Nonetheless, the RIA exhibited acceptable analytical per- 

fW 
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formance in terms of sensitivity, reproducibility, and ana- 
lytical recoveries. In addition, the peptide RIA showed high 
correlation (r = 0.88, n = 117, P < 0.001) with a com- 
mercial assay (BTI, Stoughton, MA), which utilizes intact 
osteocalcin as tracer and standard (Fig. 2). Owing to the 
difference in the affinity of osteocalcin antibodies towards 
synthetic peptide and the intact osteocalcin extracted from 
bone, the absolute concentrations determined by the peptide 
RIA were, on an average, 20% lower than that obtained by 
an RIA utilizing intact osteocalcin. Notwithstanding these 
differences in absolute levels of osteocalcin measured by 
peptide or intact osteocalcin RIA, we found that discrimi- 
native power to differentiate C57BL/6J mice treated with 
PTH 1-34 and control group treated with vehicle was iden- 
tical for both assays. 

In the ÖVX mouse model, previous studies have mainly 
used histological analysis of bone formation and bone re- 
sorption [14-16] as efficacy parameters to study the effect 
of therapeutic agents used for the prevention of osteoporo- 
sis. Histological analyses are invasive, time consuming, and 
yield information only on restricted areas of bone. It is 
widely believed that the use of biochemical tests for mea- 
suring bone turnover would aid preclinical trials of pharma- 
ceutical agents" in the mouse model. In this regard, a recent 
study has suggested usefulness of osteocalcin measurements 
to study bone remodeling in OVX C57BL/6J mice [12]. 
This study compared osteocalcin levels in OVX C57BL/6J 
and Balb/c mice and found higher increases in osteocalcin 
levels in C57BL/6J mice compared with Balb/c mice due to 
ovariectomy. 

However, use of osteocalcin to determine the efficacy of 
estrogen treatment in the OVX mice model has not been 
investigated so far. Our study is the first to describe changes 
in osteocalcin levels in response to estrogen repletion in 
QVX C57BL/6N mice. We measured osteocalcin levels in 
C57BL/6N mice 7 and 28 days postovariectomy to deter- 
mine the sensitivity of the peptide RIA to detect early 
changes in bone formation following ovariectomy. Osteo- 
calcin levels were only marginally higher in the 7-day post- 
OVX group compared with the sham group. In 28-day post- 
OVX mice, as expected, the osteocalcin levels were 80% 
higher than the sham group treated with vehicle. 

The magnitude of change in serum osteocalcin after 
OVX is comparable with that seen using intact assay [12]. 
Estradiol repletion of OVX mice resulted in significantly 
lower osteocalcin levels compared with the vehicle-treated 
OVX group. Unexpectedly, osteocalcin levels were signifi- 
cantly higher in the OVX/E400 group compared with the 
sham group receiving the vehicle. Perhaps a longer treat- 
ment time may be required to revert the osteocalcin con- 
centration to that of the vehicle-treated sham group. In any 
case, the changes in osteocalcin levels were consistent with 
the changes in total bone density measured at the distal 
femur by pQCT. Furthermore, the osteocalcin levels in 
sham and all OVX groups of mice showed a highly signifi- 
cant and negative correlation with total BMD (r = -0.54, P 
< 0.001, n = 39). 

In conclusion, we have developed an RIA that shows 
acceptable analytical performance in terms of sensitivity, 
reproducibility, and accuracy. In addition, the peptide-based 
osteocalcin RIA shows discriminatory power similar to the 
intact osteocalcin assay to detect changes in bone turnover 
observed after (1) treatment with an anabolic agent (PTH 
1-34), and (2) the ovariectomy and estrogen repletion of 
OVX mice. Furthermore, the advantage of RIA is that it is 
peptide based, and, thus the resources for this assay are 
much easier to accrue. 
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Abstract 

Over the past several years, the popularity of inbred strains of mice as an animal model 

to investigate skeletal disorders relevant to humans has increased, as evidenced by the 

fact that these animals are frequently used for genetic studies and for gene over- 

expression or gene knockout studies.   In the bone field, one of the most convenient 

endpoints for evaluating genetic, physiological or pharmaceutical perturbations is the 

use of biochemical markers. In order to apply biochemical markers in an effective 

manner, it is of key importance to establish the biological variation and appropriate 

sampling time.   In this study, we have evaluated two components - namely circadian 

changes and longitudinal variation for three serum markers, osteocalcin, C-telopeptide, 

and skeletal alkaline phosphatase (sALP) - using C3H/HeJ (C3H) mice.   To study 

circadian rhythms, six-week-old female and male C3H mice were randomly divided into 

8 groups of 15 mice each. Blood was collected at 3-hour intervals, starting at 9:00 AM 

and continuing until 6:00 AM the next day, with minimum disturbances in day/night light 

cycle. To determine whether the circadian rhythm is intrinsically regulated or influenced 

by restricted food intake, circadian rhythm was also studied in male and female C3H 

mice by collecting blood after a 12-hour fasting period. Serum osteocalcin and C- 

telopeptide levels were measured by ELISA methods.   Skeletal alkaline phosphatase 

was measured by a kinetic assay.  The present investigation demonstrated significant 

circadian variations in osteocalcin and C-telopeptide levels with a peak value between 

0900 and 1200 hours during daytime and a nadir between 1500 and 1800 hours. The 

peak levels of C-telopeptide and osteocalcin were 26% to 66% higher as compared to 



the 24-hour mean values. The pattern of the circadian variation of C-telopeptide and 

osteocalcin was similar in female and male animals and was not significantly affected 

by restricted food intake. The sALP levels were only marginally affected by the 

circadian rhythm. To study within-subject and between-subject variation, two studies 

were performed: 1) blood samples were collected in the morning on day 1, day 3, and 

day 7; 2) blood samples were collected as described in study one but in the afternoon. 

The longitudinal variation expressed as coefficient of variance (CV) in osteocalcin, C- 

teiopeptide, and sALP concentrations were 17%, 14%, and 16%, respectively. The 

longitudinal variations were not significantly influenced by the time of blood collection in 

sALP and osteocalcin levels, whereas C-telopeptide levels showed significantly higher 

within-subject day-to-day variation in morning samples. Notably, average population 

variance was also significantly higher for C-telopeptide concentration in morning 

samples as compared to afternoon samples. The results highlight the importance of: 

1) the timing of sample collection for appropriate interpretation of the bone marker data; 

and 2) using the appropriate number of samples based on the variance obtained 

herein. 
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Introduction 

The mouse is the best-developed vertebrate genetic model organism for which there is 

a rich collection of well-characterized, naturally occurring mutations, and genes of 

interest have been experimentally manipulated. Several genetic tools that are currently 

being developed, such as the complete mouse genome sequence, large collections of 

new  mutations,   phenotypic  characterization  of common   laboratory  strains,   and 

techniques for regionally and temporally specific gene targeting2'4"6, will increase utility 

of the mouse as an animal model to study skeletal disorders relevant to humans. The 

skeletal remodeling process is reflected in the blood circulation by the presence of 

various bio-molecules derived from either the bone matrix or the cells actively involved 

in bone formation or resorption.  Measurements of these molecules of bone resorption 

or formation provides an accurate, noninvasive and relatively simple means to assess 

bone turnover in humans5-8, as well as in animals16"18.   In humans, it has been well- 

documented3'8'9'14'15'19 that biochemical markers of bone metabolism show a circadian 

rhythm over a 24-hour period.   Therefore, it is of key importance to establish the 

appropriate sampling time for optimal use of biochemical markers to reflect bone 

turnover changes. 

Osteocalcin, a marker for osteoblastic activity and bone formation, shows a circadian 

rhythm14'15 in humans with a high during the night and a low in the afternoon. Another 

marker of bone formation, carboxyl-terminal pro-collagen peptide (PICP) exhibits a 

circadian rhythm15 comparable to that of osteocalcin. Similarly, urinary concentration of 

free and peptide bound pyridinium crosslinks, which are markers of bone resorption,. 

show a circadian rhythm19 with highs during the night and lows during the afternoon. 



Serum carboxy-terminal and amino-terminal telopeptide of type-l collagen3 also shows 

this type of circadian periodicity. Circadian rhythmicity of bone cell metabolic 

activity1,16-17'20'25 has been documented in both rats and mice. In addition, rhythmicity of 

hormones12"13,27 has been well established in rodents, which also have an important 

influence on bone metabolism. Diurnal rhythm of skeletal alkaline phosphatase28 has 

been described in rat serum and mouse duodenum extracts10; however, little is known 

about the circadian rhythm of other biochemical markers of bone metabolism in the 

mouse model. In addition, a systematic study of within- and between-subject variation 

has not been performed in the mouse model. 

The present study examines the diurnal variation, within-subject day-to-day biological 

variability, and between-subject variability in C3H/HeJ (C3H) mice. We selected 

C3H/HeJ mice for our studies on biological variation because this strain of mice is being 

used in our chemical mutagenesis (ethylnitrosourea) studies to screen for skeletal 

mutants of interest. Reference vaiues for markers are required to identify abnormal 

values. However, the utility of these conventional population-based values will remain 

unknown unless the data on biological variation are available and the factors affecting 

biological variations are minimized. In addition, data on biological variation can provide 

valuable information necessary for calculation of power and, therefore, the number of 

animals required for studies using biochemical markers. In this study, we evaluated 

the circadian changes and longitudinal variation for three mouse bone turnover assays, 

namely osteocaicin, C-telopeptide (Type-l collagen alpha-1 chain), and skeletal alkaline 



phosphatase. The diurnal variation was studied over a 24-hour period and longitudinal 

variation was studied over a 7-day period. The assays used in this study and their in- 

vivo efficacy in the mouse model has been described23,24 earlier. 

Materials and Methods 

The Experimental Protocol 

All animal protocols used in this .study had prior approval of the Animal Studies Sub- 

committee of this research institution. 

Circadian rhythm study 

Male and female 5-week-old C3H/HeJ mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME). The mice were housed on a 12-hour light/dark cycle, fed 

standard rodent diet and water, allowed to acclimatize for one week, and randomly 

divided into four groups of 120 mice each. Group 1 consisted of female mice with a 

normal diet. Group 2 consisted of female mice with food withdrawn 12 hours before the 

blood collection. Group 3 consisted of male mice with a normal diet. Group 4 consisted 

of male mice with food withdrawn 12-hours before the blood collection. Each group of 

animals was further divided into 8 groups of 15 animals. A group of 15 animals was 

euthanized every three hours starting at 0900 hours, and this continued until 0600 

hours the next day. Blood was collected by decapitation, serum was separated within 1 

hour of blood collection and stored at -70°C until assays were performed. 



Longitudinal Variation Study 

To study the effect of diurnal variation (or sampling time) on within- and between- 

individual differences in biochemical markers of bone, we collected blood samples from 

6-week old male and female groups of mice at two different times of the day. Male and 

female 5-week-old C3H/HeJ mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME) and allowed to acclimatize for one week as described above for the 

circadian rhythm study. Male and female mice were randomly divided into two groups 

of 6 mice each. From one group of mice, blood samples were collected between 9-10 

AM and from the second group, samples were collected between 3-4 PM. Blood (50-60 

ul) was collected alternatively from each eye by retro-orbital sinus puncture under 

inhalation anesthesia (Halothane) on day 1, and day 3. On day 7, the animals were 

euthanized and maximum amounts of blood collected. Blood was processed as 

described earlier for the circadian rhythm study. 

Biochemical Measurements 

Mouse C-telopeptide ELISA 

The C-telopeptide measurements were performed by a mouse C-telopeptide ELISA 

described24 earlier. The average within-assay variation was coefficient of variation (CV) 

<7%; the average between-assay variation was CV<14%. 

Mouse Osteocalcin ELISA 

The osteocalcin measurements were performed by a modified mouse osteocalcin assay 

described23 earlier.  In brief, the synthetic osteocalcin peptide was biotinylated by using 

iodoacetyl derivative of Biotin (Pierce, Rockford, IL) as per manufacturer's procedure. 



The assay was initiated by incubation of 0.05 mi synthetic osteocalcin peptide calibrator 

made in assay buffer (0.05 M Tris buffer with 0.15M sodium chloride, 5mM EDTA, 

0.05% thimersoi, 0.05% casein, and 0.1% bovine serum albumin, pH 7.0), 0.05 mi 

mouse serum (diluted 1:5 in assay buffer), 0.1 ml affinity purified osteocalcin antibodies 

(approximately 0.5 ng/well) in 8-well strips (Nunc, Rocksdiie, Denmark) coated with anti- 

rabbit goat IgG (1 ^g/ml) for 2 hours at 25°C.   Strips were washed three times with 

0.01 M phosphate buffer (containing 0.05% Tween-20 and 0.15M sodium chloride) 

using an automated  ELISA plate washer.    A solution of peroxidase-streptavidin 

conjugate (Poly-HRP 40, Research Diagnostics Inc., Minneapolis, MN) (1:7000 dilution 

made in assay buffer) was added to all wells and strips were further incubated for 1 

hour at 25°C. All strips were washed three times as described earlier, and 0.2 ml TMB 

substrate (One-Blue, Biotex Laboratories, Houston, TX) was added to all wells. After a 

brief incubation time (20 minutes), color reaction was stopped by the addition of 0.1 ml 

of 4 M sulfuric acid, and optical densities were recorded at 450 nm using a Tecan 

Spectra plate reader (Research Triangle Park, NC).   Unknown values were calculated 

by using a four-parameter curve-fitting procedure.  Analytical and clinical performance 

of the modified assay was identical with earlier mouse osteocalcin radioimmunoassay. 

The average within assay coefficient of variation (CV) was <10%; the average between- 

assay variation was CV<15%. 

Skeletal Alkaline Phosphatase Assay 

Alkaline phosphatase was measured in serum by the kinetic method7 using p-nitro- 



phenylphosphate (PNPP) as substrate. In the mouse, the major isoform of alkaline 

phosphatase (ALP) that may interfere in the serum measurements of sALP is the 

intestinal alkaline phosphatase. However, activity of this intestinal isoenzyme is more 

sensitive to inhibition by L-phenylalanine. By the addition of 15 mM L-phenylalanine, up 

to 90% of intestinal alkaline phosphatase can be inhibited without significantly affecting 

the skeletal isoenzyme activity. The L-phenylalanine inhibition assay exhibited intra- 

assay (n=10) and inter-assay (n=8) variation (CV) between 1.9% and 3.8%. The assay 

can detect <10 mU/ml of alkaline phosphatase in mouse serum. 

Statistical Analysis 

Comparison of markers between different groups was performed by the Mann-Whitney 

test, with p<0.05 (two-tailed) accepted as the significant difference. All bar diagrams 

represent mean values, and error bars represent standard error of mean. Power 

calculations to calculate the number of animals required for means of each group to be 

statistically significant was calculated by using statistical software (GraphPad Software, 

Inc., San Diego, CA). Rhythms of biochemical markers were analyzed by software for 

the analysis of biological rhythms using Non-Linear Multi-Oscillator Cosinor Modeling26 

(CirceSoft Inc., Waltham, MA). In this analysis, a predetermined period (24-hour) was 

fitted to cosine curves and their significance was evaluated by the least square method. 

The analysis yields three main parameters: mesor (arithmetic mean value of the fitted 

cosine curve), acrophase (occurrence of maxima in hours, which may not be at time 

where maximum concentration was observed), and amplitude (one half of the difference 



between the highest and lowest point of the fitted cosine curve). Correlation coefficient 

constant and mean square error determines the goodness of the cosine curve. 

Results 

Circadian Variation 

The serum levels of skeletal alkaline phosphatase, C-telopeptide, and osteocalcin in 

female and male C3H/HeJ mice, determined at 8 different time intervals spread over a 

24-hour period, are shown in Figures 1-6. The rhythm parameters of C-telopeptide, 

osteocalcin, and skeletal alkaline phosphatase in male and female mice are 

summarized in Tables 1-3. 

Skeletal alkaline phosphatase activity showed little or no change during the 24-hour 

cycle, while C-telopeptide and osteocalcin exhibited a significant 24-hour rhythm. The 

C-telopeptide and osteocalcin levels demonstrated a peak concentration between 

0900-1200 hours and a nadir between 1500-2400 hours (Figures 1 & 2). The peak C- 

telopeptide levels in female and male mice were 28-35% and 39-43% higher, 

respectively, compared to 24-hour mean values. The mesor and the amplitude for the 

fasting group of mice were slightly lower in both female and male mice; however, these 

differences were not statistically significant. The peak C-telopeptide levels in fasting 

and non-fasting male C3H mice <19.9±2.5 and 20.2±3.2 ng/mi, mean±SD) were 

significantly higher (p<0.01) as compared to that of the corresponding groups of female 

mice (13+1.3 and 14.8±1.1 ng/ml, mean±SD). 
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The highest and lowest concentrations of osteocalcin in both female and male mice 

(Figures 3 & 4) were observed at 9000 hours and 1500 hours, respectively. The peak 

osteocalcin concentrations in fasting and non-fasting female mice were 40% and 42% 

higher, respectively, than the 24-hour mean values. The peak concentrations in male 

fasting and non-fasting mice were 25% and 47%, higher respectively, than the 24-hour 

mean value. Although the effect of fasting on osteocalcin levels was more pronounced 

between 3000 hours and 1200 hours in both the fasting and non-fasting group (Figures 

3 & 4). However, the differences in amplitude between fasting and non-fasting groups 

did not reach statistical significance (Table 2), perhaps due to a relatively large 

variation.    Moreover, these differences were not consistent, and male and female 

groups showed contrasting effects. The peak osteocalcin concentration for fasting 

male (324+37.4 ng/ml, mean±SD) mice was significantly higher (p<0.05) than the 

fasting female (261.9±30.1 ng/ml, mean+SD) group. The difference between non- 

fasting male and corresponding female mice was not statistically significant. 

The sALP activity showed little or no change during the 24-hour period (Figures 5 & 6). 

Only the non-fasting female group provided a significant cosine fit for circadian rhythm 

with correlation coefficient r=0.62 (p>0.05). In this group, the sALP levels were 

significantly higher for the 0900-hour samples (p<0.05) compared to all other time 

points.   The other groups showed a poor fit (for frequencies of one as well as two 

cycles per day) with r-values <0.55 (p>0.05). In addition, the amplitudes of 24-hour 

li 



sALP activity were low (<4% of mesor) making it difficult to define peak (Table 3). 

These data indicated non-existence of a definite 24-hour rhythm in serum activity of 

sALP. Notably, fasting significantly reduced the sALP activity in the male group 

throughout the 24-hour period, as compared to the non-fasting male group. On the 

other hand, fasting had no significant effect on sALP levels of female mice. 

Longitudinal variation 

To assess the impact of sampling time on longitudinal and population variation in 

biochemical bone markers, we measured markers in serial blood samples collected 

from male and female groups of C3H mice at two different times of the day as 

described in the Methods section.  Average day-to-day variations of all three markers 

studied are shown in Figure 7.   The absolute concentrations of C-telopeptide and 

osteocalcin were 25-40% higher (p<0.01) in morning blood collection compared to 

afternoon samples, while sALP concentrations were similar.  This was consistent with 

what was observed in the circadian variation study for these three markers. Day-to-day 

variation in  C-telopeptide concentration over a  period  of 7 days,  expressed as 

coefficient of variance (CV), was 15.3+2.6% (mean±SEM) and 9.5±1.5% (mean±SEM), 

respectively, for samples collected in the morning and in the afternoon.   Day-to-day 

variations in C-telopeptide levels were most affected by the sampling time, showing 

significantly higher (p<0.05) longitudinal variation for samples collected in the morning 

compared to those collected in the afternoon. Average day-to-day variations in alkaline 

phosphatase and osteocalcin levels were 15% and 12%, respectively, and were not 

significantly affected by sampling time. 
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The day-to-day variations observed in this study suggest that, in an individual animal, 

about 40% change in biochemical marker levels will be required in response to a 

skeletal perturbation to be seen as a statistically significant change [reference change 

value = 1.96 x V2 x V(CV,)2+(CVa)
2, where CV; is day-to-day variation and CVa is 

analytical variation]. 

Population Variation 

Between-subject variations were calculated from samples collected on three different 

days, and mean value of population CV (from three days) is shown in Figure 8. The 

average between-subject (n=12) CV for C-telopeptide was 60% higher for morning 

blood collection as compared to afternoon samples (p<0.05). The differences in 

population CV of sALP and osteocalcin levels for morning and afternoon blood 

collection were statistically not significant. 

Comparison of power of bone markers using test-of-significance calculations 

In a rodent model, one of the important utilities of the data on biological variation of bone 

markers is to calculate sample size for experiments designed to achieve statistically significant 

difference between mean of (marker levels) two groups of animals. Table 4 shows the 

approximate number of animals required for the mean of two groups to be significantly different, 

which is calculated from the biological variation obtained in this study. In addition, we also 

calculated the signal (to a skeletal perturbation) to noise (between-individual variance) ratio 
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using published24 changes in markers in response to ovariectomy. The C-teiopeptide levels 

were 48% higher in ovariectomized (OVX) mice24 as compared to sham group of mice and the 

corresponding values for osteocalcin and sALP concentrations (unpublished observation) were 

47% and 31% (higher values in OVX mice respectively, as compared to sham group of 

mice). 

Because the C-telopeptide levels showed higher variance in blood samples collected 

between 0900-1200 hours, it follows that higher number of animals would be required in 

response to a skeletal perturbation to be seen as a statistically significant change when 

the samples were collected between 0900-1000 hours, as compared to samples 

collected between 1500-1600 hours. In case of sALP, the overall variance was low yet 

a higher number of animals would be required to detect a similar change in skeletal 

perturbation because the magnitude of change in sALP levels was smaller (31% vs 

47% in C-telopeptide or osteocalcin) in response to OVX. 

Discussion 

To our knowledge, this is the first study to assess the circadian and longitudinal 

variation of blood-based biochemical markers of bone metabolism in the mouse model. 

The results of the present investigation showed that sALP activities were only 

marginally affected by diurnal variation, which was further evident from the low 

amplitudes of sALP activity in all groups of C3H mice, making it difficult to accurately 

determine the timing of peak activity. In contrast, the pattern of circadian variation of C- 

telopeptide and osteocalcin were clearly characterized by high concentrations during 
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0900-1200 hours and low concentrations during late afternoon or evening (1500-2100 

hours). In terms of percent differences from 24-hour mean levels, the lowest and 

highest concentration varied between 67% to 110% for C-telopeptide and osteocalcin. 

Notably, the amplitude of osteocalcin rhythm was similar to that of C-telopeptide in.C3H 

mice, which is in contrast to previously reported3'18 studies in humans where osteocalcin 

and other formation markers have been shown to exhibit significantly less amplitude 

than the resorption markers. The C-telopeptide levels showed a sharp decline (25- 

30%) between 0900 hours and 1200 hours, whereas osteocalcin levels remained high 

until 1200 hours and then decreased sharply. This resulted in acrophase of C- 

teiopeptide precede that of osteocalcin by approximately two hours. Further studies are 

needed to establish that the observed circadian changes in biochemical markers are 

unique to C3H mice or similar circadian pattern exists for the other strains of mice. 

Food intake has been shown to affect diurnal rhythm of bone resorption20'21 in rats. In 

this study, restricted food intake slightly reduced the amplitude of the C-telopeptide 

rhythm in both male and female C3H mice. The effect of fasting on osteocalcin levels 

was inconsistent between female and male groups. These findings were somewhat 

consistent with recent observations in humans where fasting appears to reduce the 

amplitude of the circadian rhythm in C-telopeptide levels3, while it had no significant 

effect on osteocalcin levels. The reasons for the effect of fasting on circadian 

variations are currently unknown. 
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Circadian rhythmicity of bone marrow cells, hormones, and some enzymes that play 

important roles in bone formation and bone resorption have been demonstrated in 

earlier studies in rat model.   Some of these studies, which used radiotracer kinetics to 

measure rate of bone formation and resorption, indicated that there was increased 

bone formation and resorption during the inactive (light) period11'16,21'25 in rats.   Our 

findings on circadian changes of C3H mice are similar to what has been reported in 

rats, thus suggesting that rhythmicity of biochemical markers may be regulated by 

similar mechanisms in rats and mice.    The small differences in acrophase of C- 

telopeptide and osteocalcin may reflect differences in metabolic disposition of these two 

molecules rather than the bone formation or resorption activity of the bone tissue. Our 

findings demonstrated that the C-telopeptide and osteocalcin levels were relatively 

constant between afternoon and early morning periods, and the peak levels and the 

nadir of these markers were separated by only 3-6 hours.  The sharp decline (of 25- 

30%) in bone markers between 0900 and 1500 hours was the most noteworthy 

difference between the diurnal rhythms of bone markers in mice and humans, where 

peak levels are separated from nadir by an approximate 12-hour period.   We cannot 

rule out that time of peak and nadir (in the present investigation) are approximate, as 

blood samples or values are not available for every hour for the 24-hour period studied 

due to the study design and assay variations.  It may be possible that longer collection 

intervals used in this study may flatten the changes between collections and may not 

detect the full amplitude.   Nevertheless, the results of the present investigation agree 

with earlier reports on the diurnal rhythm in bone formation and resorption in the rodent 

model! 
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In the mouse mode!, significant variations in diurnal rhythmicity of several hormones 

and proteins have been reported in different strains of mice. Circadian variations in 

some steroids have been shown to exhibit contrasting rhythm parameters (such as 

acrophase) in different strains of mice. These differences in rhythm parameters in 

different strains are equated with the individual differences observed in the degree of 

circadian rhythmicity of biochemical markers in humans. In addition, circadian rhythms 

in different strains are partially affected by slight differences in sensitivity to some 

environmental stimulus, such as light, temperature or differences in internal capacity to 

respond with cyclic variation. Consequently, results of the present study must be 

interpreted carefully and may not be applicable to other strains of mice. 

One of the most prevalent methods to minimize the effect of diurnal variation in bone 

markers is to collect blood samples at the same time of day, because circadian intra- 

individual variations for a number of metabolites is considered to be stable enough to 

be measured any time of day. However, no systematic studies have been performed in 

the mouse model to ascertain whether samples collected during a particular time of the 

24-hour period can  influence  day-to-day or between-individual variation  in  bone 

markers.    To explore the effect of time of blood collections on longitudinal and 

population variation in bone markers, we selected two time points, one in the late 

morning where all markers peaked and variation among markers was high.  The other 

sampling   time   was   in   the   afternoon   when   most   markers   show   decreased 

concentrations.  The within-individual day-to-day variation was higher in C-telopeptide 
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levels when measured in the morning blood collection. The sALP and osteocalcin day- 

to-day CVs were not significantly influenced by the time of blood collection.   The 

between-individual CV data presented in this study, though limited by the number of 

animals used in this study, was significantly higher for C-telopeptide when samples 

were collected in the morning, while CV for sALP and osteocalcin were unaffected. It is 

not clear what causes higher day-to-day variation in C-telopeptide as compared to 

osteocalcin, which shows similar diurnal rhythmicity.   In any case, biological variation 

data does allow for the setup of strictly controlled sampling protocols for minimizing the 

effect  of  biological  variation  for  more   accurate   interpretation   of  bone   marker 

measurement data. 

The present investigation was designed to study biological variation of three bone 

markers using the same set of serum samples. In addition, we have earlier reported24 

the magnitude of change in bone markers in response to ovariectomy. Therefore, it 

was plausible to use the results of this study, in conjunction with earlier data on skeletal 

perturbation in the mouse model, to compare the effectiveness of each marker as a 

predictor of biological response for a given skeletal perturbation. A brief comparison of 

biological variance data of all three markers indicates that sALP measurement may 

offer some superiority over other markers because it showed the lowest analytical 

variation, and its concentrations appear to be least affected by diurnal variation. 

However, the day-to-day variation and population variances were not significantly 

different for the three assays when the samples were collected between 1500-1600 

hours. Consequently, if we calculate the power of assay in view of change in marker 
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values in response to a skeletal perturbation, the C-telopeptide and osteocaicin were 

equally well or slightly superior to sALP, This indicates it is essential that both 

magnitude of change for each assay (to a given skeletal perturbation) and biological 

variance should be taken into account to determine if one marker is superior to the 

other bone turnover marker (Table 4). 

In conclusion, our findings demonstrated significant diurnal variation that has a practical 

implication for bone marker measurements in the mouse model. In addition, the 

present study provides data on within-subject and between-subject variation in markers 

necessary for calculating the number of animals required for studies employing markers 

to detect changes in skeletal metabolism. Furthermore, findings from this study 

suggest that optimization of the sample collection period is critical for the valid use of 

biochemical marker data to reflect changes in bone metabolism. 
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Table 1. Rhythm parameters of C-telopeptide 

Mesor 

(ng/ml) 

Amplitude 

(ng/ml) 

Acrophase 

(Hours) 

Nadir/Peak 

(%) 

Fasting Female 10.5±0.6a 2.0±0.8a'c 0623a 67.3 

Male 14.2±0.8 3.8+1.2° 0613 75.3 

Non-fasting Female 10.3+0.7" 2.7±1.0b 0710b 105.4 

Male 14.7±1.0 5.0±1.4 0659 109.2 

a= p<0.02 vs fasting male group, b= p<0.02 vs non-fasting male group, c- p-NS vs 

corresponding non-fasting group 
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Table 2. Rhythm parameters of osteocalcin 

Mesor 

(ng/ml) 

Amplitude 

(ng/ml) 

Acrdphase 

(Hours) 

Nadir/Peak 

(%) 

Fasting Female 184.3+10.7 49±15.7 0918 84.5 

Male 226.5+12.3 69.3±18.4a 0844 69.3 

Non-fasting Female 195.3±10.4 61.5±14.7 0839 80.8 

Male 188.2±15.6 38.3±19.2 0956 77 

a= p=0.0700 vs non-fasting male group 
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Table 3. Rhythm parameters of skeletal alkaline phosphatase 

Mesor 

(U/L) 

Amplitude 

(U/L) 

Acrophase 

(Hours) 

Nadir/Peak 

(%) 

Fasting Female13 272.6+7.12 8±6.9 2320 12 

Maleb 245.8±3.3a 4.5+4.6 0408 14.1 

Non-fasting Female 264.7±5 8.4±5.7 1030 15 

Maleb 277.1±3.4 8.5+5 1847 9.6 

a= p<0.001 vs.. non-fasting male group, b= groups did not show a definite circadian rhythm 
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Table 4. Power calculations for biochemical markers for a given skeletal perturbation and 

biological variance 

Biochemical 
marker 

% Change in 
markers due 
to 
ovariectomy 

C-telopeptide 

Osteocalcin 

47.8 

Between-individual 
variance 
(CV) 

20.6 (9-10 AM sample) 

Sample 
size# 

10 

47.1 

Skeletal 
Alkaline 
Phosphatase 

12.9 (3-4 PM sample) 

16.4 (9-10 AM sample) 

13.3 (3-4 PM sample) 

31.5 
12.9 (9-10 AM sample) 

12.6 (3-4 PM sample) 

10 

10 

Signal to noise 
ratio 

2.3 

3.7 

2.9 

3.5 

2.4 

2.5 

#Sample size for means of two groups to be statistically different (for p-value less than 0.01, 

two-tailed) 
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Legends 

Figure 1. Circadian variation in serum C-teiopeptide levels of fasting and non-fasting 6- 

week old female C3H/HeJ mice. Each data point represents mean+SEM (n=13-15). 

Both fasting and non-fasting groups showed significant circadian rhythm. The C- 

telopeptide levels at 0900 hours are significantly (p<0.05) higher than 0300, 1200-2400 

hour samples by ANOVA. 

Figure 2. Circadian variation in serum C-telopeptide levels of fasting and non-fasting 6- 

week old male C3H/HeJ mice. For details see Figure 3. The C-telopeptide levels at 

0900 hours are significantly (p<0.05) higher than 0300, 1200-2400 hour samples by 

ANOVA. 

Figure 3. Circadian variation in osteocalcin levels in 6-week old fasting and non-fasting 

female C3H/HeJ mice. Each data point represents mean+SEM of 13-15 mice. Both 

fasting and non-fasting groups showed significant circadian rhythm. The osteocalcin 

levels at 0900 and 1200 hours were significantly (p<0.05) higher than all other time 

points by ANOVA. *p<0.05 vs fasting group. 

Figure 4. Circadian variation in osteocalcin levels in 6-week old fasting and non-fasting 

male C3H/HeJ mice. For details see Figure 5. The osteocalcin levels at 0900 and 

1200 hours were significantly (p<0.05) higher than all other time points by ANOVA. 

*p<0.05 vs non-fasting group. 
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> 

♦ Figure 5. Circadian variation in serum skeletal alkaline phosphatase (sALP) activity of 

6-week old female C3H/HeJ mice. Serum samples were collected at 3-hour inten/als 

over a 24-hour period. In one part of the experiment, mice fasted for 12 hours before 

biood collection. Each data point represents mean+SEM of 15 mice and expressed in 

units/L. *p<0.05 vs than all other time points. 

Figure 6. Orcadian variation in serum skeletal alkaline phosphatase levels (sALP) of 6- 

week old male C3H/HeJ mice. For details see Figure 1. The sALP acuity of the fasting 

group was significantly lower compared to that of the non-fasting group. 

Figure 7. Day-to-day variation in bone markers calculated from three serial blood 

samples collected from 6 female and 6 male C3H/HeJ mice over a period of 7 days. In 

one study, samples were collected between 0900 - 1000 hours while in other study 

samples were collected between 1500 - 1600 hours. Each bar represents mean 

coefficient of variation (CV) of three samples from 12 mice (data from male and female 

mice were combined) and error bars represent standard error of mean (SE). The 

differences between morning (0900-1000 hours) and afternoon (1500-1800 hours) 

blood samples were not statistically significant. 

Figure 8. Between-subject variation of bone markers in 6-week old male and female 

C3H/HeJ mice (n=12). Each bar represents mean of three measurements performed 

on samples collected at three different days (for details see Figure 7). *p<0.05, #p=NS. 
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Comparison of an Automated C-Telopeptide Assay on the Elecsys 2010 
with Six Serum and Urine Bone Resorption Markers in Microtiter Assay 
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Appendix 3-4 
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Format D. Swezev,»' T. H. Carlson." A, P. 

Foster.»2 'Pacific Biometrics, Inc., Seattle, WA, USA, 2Roche Diagnostics Corporation, 

Indianapolis, IN, USA. 
Degradation products of type I collagen have shown promise as bone resorption mark- 

ers. Recently introduced resorption marker assays have primarily been microtiter plate- 
based. We evaluated a fully automated assay for C-terminal telopeptide (ß -CrossLaps/ 
serum; ß -CTx) in serum on the Elecsys 2010 (Roche Diagnostics). Elecsys ß -CTx assay 
results, which are based on the CrossLaps™ antibody (Osteometer BioTech A/S) and an 
electrochemiluminescence detection principle, were compared with six serum and urine 
bone resorption marker assays using paired urine and serum samples from 220 clinically 
documented individuals (62 healthy males, 42 premenopausal females, 41 postmenopausal 
females, 55 osteoporotics and 20 Paget's). The microtiter plate-based comparison assays 
were serum and urinary N-telopeptides (NTx; Osteomark® , Ostex International, Inc.), 
serum and urinary C-telopeptides (CTx, CrossLaps, Osteometer BioTech A/S) and urinary 
pyridinoline and deoxypyridinoline (PYD, DPD; Pyrilinks® and Pyrilinks-D® , Metra 
Biosystems). 

The linearity of Elecsys ß -CTx was demonstrated from 0.02 to 6.0 ng/mL. Intra-run 
CVs were 2.5%, 2.9% and 2.5% at 3.20, 0.82 and 0.13 ng/mL respectively. Among-run 
CVs (from 37 to 52 test runs over 3 months) using fresh frozen serum pools were 5.5% and 
8.1% at 1.14 and 0.21 ng/mL respectively and 3.7%, 4.4 % and 14.9 % at 3.04, 0.79 and 
0.12 ng/mL respectively using lyophilized controls. Similar recoveries were observed for 
22 paired sets of serum, EDTA and heparinized plasma samples with values ranging from 
0.03 and 3.5 ng/mL. Correlation coefficients (r) among the serum resorption markers based 
on all 220 patients ranged from 0.735 to 0.898. The r-values for serum and urine marker 
correlation ranged from 0.547 to 0.908. The correlations were lower between serum and 
urine markers, especially between telopeptides and pyridinium crosslinks in patient catego- 
ries with lower marker concentrations. Ten of the urine samples (4.5%) were below the 
low-end detection limit of the urine CTx method, and one serum sample interfered with the 
serum CTx ELISA method. 

In summary, the various marker assays differed in format and design, which impact lab- 
oratory performance and logistics. All the serum and urine resorption markers discrimi- 
nated among the different patient categories, but they need to be further investigated for 
clinical utility. The fully automated ß -CTx on the Elecsys analyzer was precise, conve- 
nient and robust, and is suitable for use in the routine laboratory. 

Work supported by Roche Diagnostics Corporation. 

M294 
Assessment of Bone Resorption Marker Assays in Thoroughbred Horses. 
P. L. Kellerhouse.« C. Brown.« K. Newhall.« K. Judd.» n. Thompson. MRL, Merck 
Research Laboratories, Somerville, NJ, USA. 

Commercial assays are available in human medicine which allow monitoring of bone 
resorption by the detection of collagen breakdown products in serum or urine. In clinical 
veterinary medicine there are few species specific assays to detect bone resorption but the 
conserved nature of these markers has led to their experimental use in animals. 

A preliminary study was conducted in Thoroughbred horses to compare the assay 
Pyrilinks-D (Metra Biosystems, CA, USA) which detects urinary deoxypyridinoline 
(Dpd) with one which detects serum C-telopeptides (Ctx) serum (CrossLaps™, Osteometer 
Biotech, Denmark). Based on these results a second study was conducted to determine the 
effect on bone resorption as measured by serum Crosslaps assay when Thoroughbred 
horses were confined to complete stall rest 

The first study monitored collagen breakdown products in 12 horses over 56 days by 
taking concurrent weekly urine and serum samples which were processed and submitted 
for their respective assays. Urine was also assayed for creatinine, and Dpd was expressed 
as nM Dpd/mM creatinine to normalize urine for variations in concentration. A correlation 
coefficient of 0.4 was determined for the urine and serum levels of Dpd and Ctx respec- 
tively, with a p value of <0.001 indicating that there is a modest association between the 
two assays. Since it is much easier to obtain a timely serum sample than a urine specimen 
from a horse (and the serum assay does not require a creatinine correction) the Crosslaps 
assay offers some advantages in monitoring bone resorption in horses. 

In the second study 12 adult Thoroughbred horses which had been at pasture for at least 
3 months were placed on a minimal exercise program consisting of 15 minutes of lunging 5 
days per week for 3 weeks. At that time baseline Ctx levels were determined (the mean of 
3 samples taken from each horse) and the group was divided randomly into 6 horses which 
continued the exercise regiment and the other 6 which were confined to complete stall rest. 
Serum samples were collected over the next 42 days and submitted to the Crosslaps assay. 
The results demonstrated that Ctx levels rose to 45% above baseline level 7 days after stall 
rest and remained elevated for the duration of the experiment 

In conclusion, available commercial human assays for markers of bone resorption may 
be useful to monitor metabolic bone disorders in horses. The serum assay has some proce- 
dural advantages in specimen collection and does not require a creatinine test. Finally we 
have shown that serum bone resorption markers are elevated above baseline in horses 
which are confined to stall rest 

^IFESalan Rhythms of Serum C-telopeptide, Osteocalcin, and Skeletal 
Alkaline Phosphatase in C3H/HeJ Mice. A- K, Sriyastava, S, Bhattachajyva,» $ 
Castillo.* X. Li. P. J. Bavlink. Musculoskeletal Disease Center, JL Pettis Memorial 
VAMC & Loma Linda University, Loma Linda, CA, USA. 

The popularity of inbred strains of mice as an animal model has increased over the past 
several years, as evidenced by the fact that these animals are frequently used for genetic 
studies, for the production of transgenic and knockout mice, etc. In bone field, one of the 
most convenient endpoints for evaluating genetic, physiological or pharmaceutical pertur- 
bations is serum and urine biochemical markers. In order to apply such markers in an effec- 
tive manner given the long-term biological variation in biochemical markers, it is of key 
importance to establish the appropriate sampling time. Because most markers undergo cir- 
cadian rhythms, this study was undertaken to evaluate the circadian rhythm of three serum 
markers in mice. We compared changes in osteocalcin, C-telopeptide, and skeletal alkaline 
phosphatase (sALP) concentration over a 24-hour period in the C3H/HeJ (C3H) mice. Six- 
week-old female and male C3H mice were randomly divided into 8 groups of 15 mice 
each. Blood was collected at 3-hourly intervals, starting at 9:00 AM aria continuing until 
6:00 AM next day, with minimum disturbances in day/night light cycle. Serum osteocalcin 
and C-telopeptide levels were measured by an RIA and ELISA, respectively. Skeletal alka- 
line phosphatase was measured by a kinetic assay. Data were analyzed by non-linear 
regression analysis. Changes in biochemical markers over a 24-hour period were calcu- 
lated as percent of 24-hour mean value and are shown in the figure (Meant SD). The 
present investigation demonstrated significant circadian variations in osteocalcin and C- 
telopeptide levels with a peak value between 0900 and 1200 during daytime and a nadir 
between 2100 and 0300 at night. The amplitude of variation was between 20% to 25% of 
the 24-hour mean (mesor) value. The pattern of the circadian variation of C-telopeptide 
and osteocalcin was similar in female and male animals. The sALP levels were only mar- 
ginally affected by the circadian rhythm. In conclusion, both C-telopeptide and osteocalcin 
levels follow a marked circadian rhythm in C3H/HeJ mice with the peak values an average 
of 25% higher than the 24-hour mean value. The results highlight the importance of the 
timing of sample collection for appropriate interpretation of the results. 
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Relationship between Calcaneal Stiffness Index and Hip Bone Density in 
Older Men and Women. M. Q Bemben.* p. A, Bemben, R- Munde,» äJrickrnan.* 
Health and Sport Sciences, University of Oklahoma, Norman, OK, USA. 

The purpose of this study was to examine the relationships between the stiffness index 
of the heel and bone mineral density (BMD) of the hip sites in men (n=41) and women 
(n=52), 60-70 years of age. Subjects were not excluded for estrogen or other anti-resorp- 
tive drug use. None of the subjects had a history of hip fracture. BMD of the left proximal 
femur (neck, Ward's area, trochanter, total hip) was measured using DXA (Lunar DPX-IQ, 
version 4.1). The Achilles+ Ultrasonometer (Lunar Corporation) was used to obtain the 
stiffness index of the left os calcis. There were no significant (p>.05) gender differences m 
stiffness index (Men 87±3; Women 81±2). The hip BMD sites were similar for men and 
women except for the trochanter which was significantly higher (p<01) for men 
(.839±.023 g/cm2 vs. .743±.017 g/cm2). Based on the WHO criteria, 79% of the women 
and 76% of the men were osteopenic, whereas only 2% of the women and 10% of the men 
were osteoporotic. There were significant differences in stiffness index basedon bone sta- 
tus for both men and women with stiffness index decreasing from the normal (107±5 men, 
91±6 women) to osteopenic (85±3 men; 79+2 women) categories. Stiffness index showed 
moderate positive relationships with the hip BMD sites in men and it was a significant pre- 
dictor of femoral neck BMD. In women, correlations between stiffness index and hip BMU 
sites were lower than those observed in men. Although stiffness index was a significant^ 

Gender 

Men 

Women 

»*p<.01 

Stiffness vs. 
Neck BMD 

r=.58*» 

j= 44** 

Stiffness vs. Ward's 
Area BMD 

r=51** 

r=.47** 

Stiffness vs. 
Trochanter BMD 

r=.62»* 

r=.50** 

Stiffness vs. Total 
Hip BMD 

r=.63" 

=.49* 
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